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INTRODUCTION 
Many scientists and engineers predict that, at some time in 
the future, we may no longer need natural soils for agricultural 
purposes. They foresee expanded use of hydroponics, artificial soils 
and other soil substitutes. For the present and during much of the 
foreseeable future, however, the major supply of food will come 
from crops planted in soils. Thus, agricultural engineers will be 
involved with and will work with real soils. Regardless of advances 
in these areas, there will be a continued need for knowledge of the 
various s oil-related phenomena by scientists and engineers in 
numerous other fields of endeavor. 
Construction of highways, buildings and other structures 
depend on the soil for support. Off-the-road vehicular traffic 
depends on the soil for both support and traction. Off-the-road 
vehicles are used for exploratory travel, agriculture, forestry and 
military applications, and their use constitutes an important area 
where knowledge of soil properties is needed. 
One of the primary objectives of past research on soil proper­
ties has been to develop suitable methods for predicting the behavior 
of a soil under given conditions. In addition, considerable effort has 
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been expended to develop simplified methods of measurement of the 
various soil characteristics. 
The determination of soil shear strength is of paramount 
interest to those who are concerned with various soil-related 
phenomena. 
A number of methods have been proposed for determining 
the shear strength of soils and have been the subject of considerable 
research and experimentation. At present, the triaxial shear test is 
generally recognized as the most reliable method and is the standard 
against which other methods are compared (5). On the other hand, 
the triaxial shear test is among the most difficult and time-consuming 
of the tests availa.ble. Since measuring soil shear strength is a 
difficult and inconvenient process, soils engineers have searched for 
simpler and more convenient methods of measurement. 
Because of their relative simplicity of construction and use, 
and because of their ability to be used in the field as well as in the 
laboratory, soil penetrometers of different types have been employed 
to obtain indications of soil strength. Penetrometers do not give a 
direct reading of shear strength; therefore, it is of interest to attempt 
to correlate penetrometer readings with triaxial shear data. 
With regard to triaxial shear testing devices, it also would 
be of interest to know the relationship of sample size to the shear 
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strength data obtained from the test. Reduction in sample size 
would result in a reduction in size and a corresponding reduction in 
cost of equipment, as well as a potential improvement in facility of 
operation. In soils in which there may be inclusions of other materi­
als, large diameter soil samples are necessary in order to minimize 
the effects of relatively large foreign particles. However, in soils 
which are more homogeneous, smaller diameter samples could 
give reliable shear strength data. The question of how small a sample 
may be used remains to be determined. 
In addition to the necessity for studies of phenomena related 
to penetrometer tests and triaxial measurements, some researchers 
feel that there is a need to investigate other parameters which might 
offer better criteria for the determination of soil shear strength. 
OBJECTIVES 
In view of the foregoing information it may be stated that the 
primary purposes of this research are as follows: 
1. to investigate the influence of penetrometer 
tip size and shape on penetrometer readings. 
2. to utilize the principles of dimensional analysis 
and similitude in the development of an equation 
for the determination of soil shear strength 
from penetrometer readings. 
3. to employ the principles of similitude in the 
investigation of the effect of sample size on 
triaxial shear strength data. 
In addition, other investigations will be conducted in order 
to determine other possible parameters which may be utilized to 
indicate soil shear strength. One approach will incorporate a prin­
ciple similar to that touched on briefly by Bigsby (4), in which a 
small diameter wire was drawn horizontally through the soil. Data 
taken over a complete series of such tests may-lead to the develop­
ment of parameters which will serve as a basis for indication of 
soil strength. 
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REVIEW OF LITERATURE 
Penetrometers 
In all probability the use of penetrometers to obtain an 
indication of soil strength would have evolved even if such devices 
had not been employed previously in studying the characteristics of 
other materials. However, the practice of measuring the consistency 
of bituminous materials by this method dates back many years and 
appears to have influenced the development of soil penetrometers. 
Richardson and Forrest (35) presented a summary of the state of the 
art of testing bitumens as it existed in 1907. Their reference 
to the "penetration machine" devised by H. C. Bow en in 1888 and 
patented by him in 1893 indicates that it was the first device of this 
kind to be developed. They stated that the ". . . principle upon which 
this penetration machine worked, and upon which all others which 
have been deigned since then have been based, is the measurement 
of the distance that a cambric (sewing) needle of definite size will 
penetrate into a bituminous cement, under a definite weight, during 
a definite interval of time and at a definite temperature. " 
The term "penetrometer" appears to have come into general 
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use between the time of Bow en's invention and the date of publi­
cation of the work of Richardson and Forrest. However, standard­
ization of the instrument itself was an evolutionary process. Reeve 
and Pritchard (33) made a study of penetrometer needles in use and, 
in 1916, reported on the development of a new needle for testing 
bituminous materials. Their work indicates the difficulties associ­
ated with the establishment of a standard device which would give 
reliable, reproducible data. The problems associated with bitumi­
nous materials are.less complex than those encountered in working 
with natural soils. Therefore, it is understandable that the develop­
ment of a soil penetrometer would require a great deal of research. 
In 1913, in a study involving trafficability of soils, Bernstein 
(3) used a penetration needle to obtain information on uniformity and 
stability of soil conditions. Bernstein's pressure-sinkage relation-
1 / 2  
ship, P = KZ , was generalized by Bekker (2) to the form 
P =(K^/B K^) Z^, (P= pressure, modulus of cohesion, 
K^= frictional modulus of deformation, B = characteristic dimension 
of loading area, Z = sinkage and n = dimensionless exponent). 
In his report to the Research Committee of the American 
Society of Agricultural Engineers in 1923 Nichols (29) presented 
information (obtained in part from other researchers in the field) 
regarding needs in the study of soil physics as related to tillage. 
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L, E, Hazen of the Oklahoma Station and E. S, Patch of General 
Motors indicated the necessity for knowledge of soil characteristics 
such as cohesiveness, adhesiveness, bearing power, resistance to 
shear and deformation, etc. Nichols described an impact penetrome­
ter for the determination of soil resistance to shear which was being 
investigated at the time. His general comment was that use of the 
penetrometer was of "problematical value". 
In 1927 Davis and Adams (11) reported that the needle used 
in penetrometer tests of soils was the same as that used in testing 
bituminous materials. They also mentioned the use of a razor blade 
with an edge length of one centimeter as a penetrating instrument. 
Their realization of the fact that the same needle could not be used 
for both soil and bituminous materials was of significance. 
In the same year, Terzaghi (42), with reference to the yield­
ing of soils under load, stated that the most logical procedure for 
evaluating yield was that of loading the surface with a cone of stand­
ard weight. He observed that the depth of penetration could be used 
as a scale for expressing the resistance" of the soil to penetration. 
Terzaghi also disblosed that the idea of using the cone pene­
trometer was independently conceived by investigators working in 
different parts of the world — "by the Swedish Railroad Commission 
for the investigation of earth-slides, operating during the years 1914-
8 
1922; by the writer (Terzaghi) in Constantinople in 1923; by Dr. E. M. 
Kindle in Ottawa, Canada (1925), and quite recently by the committee 
for the standardization of loading tests of the Austrian Society of 
Civil Engineers. " According to Terzaghi, the Swedish Railroad Com­
mission investigated the use of cones having weights of 60 and 100 
grams with vertex angles of 60 degrees and cones having weights of 
10, 30, 200 and 300 grams with vertex angles of 30 and 90 degrees. 
The depth of penetration of the cone was used in computing the soil 
consistency factor (the cone weight required for a standard penetra­
tion of 4 millimeters). 
Terzaghi recounts his own work, begun in 1920, in the 
development of a method for measuring the bearing capacity of soils, 
which led to his investigation of the feasibility of computing com­
pressive strength from the penetration of a cone. He investigated 
both a freely dropped cone and cones forced into the soil by static 
pressure. The cones used in both types of tests had 90 degree points. 
Terzaghi expressed some misgivings regarding the use of penetrome­
ter data as an indication of compressive strength. He concluded that 
the most promising method available at that time for determining 
soil strength was the unconfined compression test. 
In 1932 Keen and Cashen (21) reported on their work at 
Cambridge with a form of penetrometer which was used to determine 
the effect of "sheep-folding" (i.e., confinement of sheep in a given 
area) on soil consolidation. They observed that the penetrator, which 
utilized a pointed rod, -was subject to a frictional effect exerted by the 
soil on the length of the rod with which it was in contact. 
The work of Proctor (31) on the "plasticity needle" is some­
what better known. In 1933 he reported on a device which was used 
to measure soil plasticity in terms of the pressure required to force 
into the soil a rod having a flat circular tip slightly larger in diameter 
that the rod. The primary purpose of the plasticity needle was to 
determine the degree of compaction of soil in rolled-earth dams. 
Campbell (9) used a modified Proctor device in dam con­
struction in 1936 and indicated that there was a linear relationship 
between an ellipsoidal point and the flat cylindrical shape of the stand­
ard Proctor needle. The ellipsoidal point reduced the problem of 
soil build-up on the needle point. 
During the same period, other researchers reported on the 
development and modification of a number of soil penetrometers. A 
series of articles in Engineering News-Record (37, 38) described a 
60 degree cone penetrometer with a 1. 5 square inch base area used 
in Holland, and a similar cone used in Denmark which gave a "firm­
ness index" of the soil. The cone test was said to express the cohesion 
of the clay soils. 
Also in 1936, Culpin (10) described a relatively complicated 
penetration device having a 0.25 inch diameter rod with a 0. 312 inch 
diameter, 90 degree conical point. This device had evolved after 
initial penetration tests were made by firing revolver and rifle bullets 
into the soil and measuring their depth of penetration. Prior to the 
work of Culpin, penetrometer tips apparently were designed on a 
purely arbitrary basis. However, an indication of consideration of 
soil shear phenomena is shown in Culpin's statement that the material 
flowing past the 90 degree point was bent ".. . through 45 degrees, the 
natural shear angle for sand and some other materials." 
• The penetrometer reported on by Stone and Williams (40) in 
1939 was somewhat different in configuration as compared to the 
instruments described previously. The drop-type penetrator was 24 
inches (or 18 inches) long, 1. 125 inches in diameter at the top and 
0.25 inches in diameter at the rounded tip. Stone and Williams were 
interested in the determination of soil surface hardness and wanted 
to be able to ". .. measure this factor and express the measurement 
according to a uniform and accepted scale...." 
McKibben and Hull (26) in 1940 employed a number of 
different penetrometers in their study of the relationship between 
soil penetration and rolling resistance. Plots of penetration vs. 
coefficient of rolling resistance indicated the existence of a linear 
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relationship between these parameters. 
Richards (34), in 1941, developed a penetrometer which uti­
lized a flat circular point similar to that of the Proctor device, but 
also incorporated a means of recording the data on a rotating drum. 
Housel (17) was among the early researchers who attempted 
to develop a mathematical relationship between depth of penetration 
and shearing resistance of soils. He used a 1.25 inch diameter 
sharpened pipe driven into the soil to obtain a "penetration index". 
He proposed the relationship S = 88 N, where S is the shearing 
resistance expressed in pounds per square foot, and N is the pene­
tration index expressed as the number of blows of a 20-pound hammer 
required for 6 inches of penetration. 
A great deal of work has been done by the ,U. S. Army 
Engineer Waterways Experiment Station (45) in the development of 
soil penetrometers. The interest of the Waterways Experiment 
Station has been oriented primarily toward the trafficability of soils. 
The objective of this research was to develop a means of determining 
the vehicular bearing and traction capacity of soils, whereas, the 
actual value of soil shear strength was not of primary interest. 
The penetrometer tips tested by the Waterways Experiment 
Station were cones having a 30 degree apex with base areas of 1, 2 
and 6 square inches, flat circular tips with base areas of 1 and 2 
12 
square inches and hemispherical tips with base areas of 1, 3. 14 and 
12. 56 square inches. On the basis of numerous tests it was concluded 
that 1) the size of the cone had little effect on the resistance to pene­
tration per unit of projected end area, 2) the flat circular tips gave 
values comparable to the 2-inch cone, 3) the values obtained with the 
hemispheres were comparable to those obtained with the cone and 4) 
for the soils and conditions tested, the size or shape of the tip had 
little influence on the resistance per unit of projected end area. The 
basic instrument resulting from this research utilized a 30-degree 
cone mounted on one end of a smaller diameter shaft attached to a 
proving ring type load-measuring device. A measure of resistance 
to penetration, called the "cone index", was obtained with this device. 
It was determined that the cone index could be correlated with the 
ability of the soil to support the traffic of given military vehicles. 
Hansbo (13) in 1957 made a study of the fall-cone test previ­
ously developed by the Geotechnical Commission of the Swedish State 
2 Railways. An empirical relationship, T = KQ/h ., was developed 
between cone penetration, h , and the undrained shear strength, T, 
of the clays tested; where Q is the cone weight and K is a constant 
which is dependent on the cone apex angle. 
Since 1958, Ayre and Kondner (1), Kondner and Krizek (24), 
and Kondner and Edwards (23) have been engaged in studies associated 
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with cutting and penetration of soils under vibratory loading. Much of 
this work has been directed toward applications involving excavating 
equipment, pile driving equipment, rigid footings and the development 
of pile driving formulas. The penetrators used were cylindrical 
shapes with conical tips having various apex angles from 15 to 140 
degrees, hemispherical tips, flat tips, flat blades and tubular blades 
of circular cross-section. 
From the available literature it appears that there is still a 
need for penetrometer studies to determine the most desirable tip 
shape and size and to develop a method for the determination of soil 
strength from penetrometer readings. 
Triaxial Shear Tests 
Extensive literature is available concerning the well-known 
triaxial compression test for the determination of soil shear strength. 
Therefore, only a brief review of the more pertinent publications will 
be presented. 
In 1912, von Karman (20) performed triaxial tests on marble 
(the earliest known tests of this type). 
Later this procedure was applied to soils, and, in 1933, 
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Francis N, Hveem applied for a patent on a "stabilometer" (essen­
tially a triaxial device) designed to .. test various sorts of reason­
ably stiff plastic materials, such as clay, soil, .... "(15). 
Periodically various professional societies and organizations 
such as the American Society of Agricultural Engineers, the American 
Society for Testing and Materials, the Highway Research Board and 
the Soil Science Society of America have published information on 
triaxial test procedures and the current state of the art. In 1938, 
information presented in the Highway Research Board Proceedings (14) 
indicated that, at that time, more than twenty different organizations 
in the District of Columbia, eleven states and five countries were 
using compression devices for testing soils. The sample sizes 
described included those having diameters ranging from 1.0 to 6.4 
inches and lengths ranging from approximately 1 to 22 inches. The 
usual length to diameter ratio employed at that time was approximately 
two to one. 
Neither sample size nor test procedure has been universally 
standardized for the triaxial test. This is evidenced by the fact that 
standards have not been published by the American Society for Testing 
and Materials. A suggested method for determining internal friction 
and cohesion by triaxial loading has been presented recently by Holtz 
and Noell (16). The sample sizes proposed were 1. 375 inch diameter 
15 
by 2. 75 inches long and 3. 25 inch diameter by 9 inches long. 
Wire Soil Shearing Tests 
Little information on the subject of cutting soil with small 
diameter wires was found in the literature. Bigsby (4) attempted to 
determine the portion of the draft force of model soil-cutting imple­
ments attributable to cutting alone (as compared to lifting the soil, 
friction of soil sliding over the surface of the implement, etc.). Two 
wire sizes (0.006 and 0.010 inch diameters) were tested. After one 
series of tests was made employing the 0.006 inch diameter wire, the 
tests on that wire size were discontinued due to repeated breakage of 
the wire. Two series of tests were made with the 0,010 inch diameter 
wire. In some cases, the draft force required for pulling the wire 
through the soil was greater than that required to pull the comparable 
implement through the soil. In addition, the draft of the wire increased 
more rapidly with increase in moisture content than did the draft of 
the implement in two of the three tests reported. Bigsby gave no ex­
planation for the occurrence of this phenomenon, and no attempt was 
made to correlate these data with soil shear strength. 
Additional information is contained in other publications on 
the general subject of soil mechanics (18, 19, 30, 41, 43, 46, 47). 
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PEINCIPLES OF SIMILITUDE 
The underlying theory of similitude as expressed by Murphy 
(28, p. 3) . .includes a consideration of the conditions under which 
the behavior of two separate entities or systems will be similar, and 
the techniques of accurately predicting results on the one from obser­
vations of the other. " An understanding of the full significance of the 
foregoing statement requires some further clarification. 
Quite often the term "similitude" has borne the connotation 
that its basic principle was simply the principle of relativity of size. 
This conception of similitude theory has, in some cases, led to 
erroneous ideas related to devices commonly called "models". 
True model theory and similitude, however, are based on 
the considerations of dimensional analysis, the principles of which 
extend beyond those of simple geometric similarity. 
Dimensional analysis has its foundation in the necessity for 
dimensional homogeneity of the elements of any given equation. It 
has as its primary requirement that two quantities must have the 
same dimensions in order that a general relationship may be estab­
lished between the two quantities under consideration. This princi­
ple was first expressed by Fourier (12, p. 3) and later brought to 
prominence by Buckingham (7, 8) in conjunction with the development 
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of his well-known. Pi Theorem. Rayleigh (32) and Tolman (44) were 
also among early investigators of the similitude theories. 
Buckingham demonstrated that, by means of the principle of 
dimensional homogeneity, any equation of the form 
F  (  Q j ,  . . . .  )  =  0  
which describes the relationship of n different physical quantities 
Q,, Q_, .... Q can be reduced to the form i 6 n 
f ( IT , TT , ff ) = 0 . (1) 
1 w n-xC 
The so-called Pi terms are dimensionless quantities in 
which 
a b p 
f f  =  Q ,  Q 7  . . .  Q  .  1 ^ n 
Implicit in the Pi theorem is the requirement that the 
number of independent dimensionless quantities necessary to express 
the relationship among the variables controlling a given physical 
phenomenon is equal to the number of variables minus the number 
of basic dimensions, k, used in the description of the variables. 
One of the major advantages of dimensional analysis lies in 
this ability to combine terms to form dimensionless products. As a 
result, in the study of a given phenomenon, the number of variables 
requiring control is reduced. Associated with the reduction in the 
number of variables is a reduction in the amount of experimentation, 
cost, etc. attached to a given experiment. 
18 
In his discussion of dimensional analysis, Murphy (28, p. 18) 
lists a number of its applications, including 1) developing equations 
and 2) establishing the principles of model design. These applications 
are of interest in this work. 
One of the stated objectives of this research was to develop 
an equation which would adequately describe the functional relationship 
between penetrometer readings and soil shear strength. This equation 
would provide a means of predicting soil shear strength from pene­
trometer readings. 
Dimensional analysis will provide the means for establishing 
the general form of the relationship, but the exact form of the func­
tional relationship must be found through experimentation. For ex­
ample, the functional relationship given by Equation 1 can be rear­
ranged in the form 
^1 = f' ( 17- ^ ) . (2) 
The variable of primary interest is the dependent variable 
and should be contained only in the it^ parameter. Thus, the gen­
eral form of the equation relating the dependent and independent 
variables is known upon completion of the dimensional analysis pro-
cedure. However, the value of f has not as yet been determined 
and must be found by experiment. This final step in the process will 
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provide the required quantitative data to develop the desired equation. 
For model design, the principles of dimensional analysis 
must be extended beyond the foregoing steps. 
Since the functional relationship previously established in 
Equation 2 is entirely general in nature and nothing has been said 
regarding the magnitude of the quantities involved, the equation 
applies equally as well to a model system for which the equation 
may be expressed as 
^Im" f("2m' ^3m' V-k)m^ 
where the subscript m refers to the model. 
Since the functional relationship is the same for both model 
and prototype, the model must be designed and operated so that 
= # , IT - = n , etc. If these design conditions are met, 
cm 2 3 
then 
V - - - -  V - k ) '  " a m  V - k ) ^ '  
and an equation for predicting i r  from i r  may be found from 
1 Im 
the relationship 
"i . Vk)' ,4, 
Im 2m 3m (n-k)m 
The resultant prediction equation is 
"l = "im • 
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At times it is not possible to satisfy all of the design condi­
tions and, as a result, it is necessary to employ a distorted model. 
Murphy (28, p. 61) defines a distorted model as one in which some 
design condition is violated sufficiently to require correction of the 
prediction equation. The prediction factor it /tt is then a function 
1 Im 
of the undistorted Pi terms and the distortion factor or factors associ­
ated -with the design conditions which have not been satisfied. 
Additional general aspects of the application of model theory 
•which should be considered are the following: 
1. The most important factor in model design is the 
determination of the pertinent variables. A thor­
ough knowledge of the field under study is essential 
at this stage in order to make a judicious selection 
of these variables. 
2. Selection of the proper variables influencing the 
phenomenon can be facilitated by classifying the 
variables into three general categories - - (a) 
forces, (b) geometry and (c) the properties of the 
material. 
3. The total number of variables should be kept to a 
minimum. 
4. The number of variables in any dimensionless term 
should be kept to a minimum. 
5. The dimensionless parameters (Pi terms) must be 
independent. 
6. The dependent variable under consideration must 
not appear in more than one Pi term. 
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7. The variables considered to exert the greatest influence 
on the dependent variable should be included in the Pi 
term containing the dependent variable. 
8. Some Pi terms can be eliminated from the equation by-
proper scaling in the model-prototype relationship. 
The foregoing similitude principles were applied in the design 
of the experiments associated with this research. 
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DESIGN OF EXPERIMENTS 
Triaxial Shear Tests 
A  brief description of the theoretical basis for the triaxial 
shear test is presented here to provide the background information 
necessary to an understanding of the design of the triaxial experi­
ments. 
Through any point within a volume of soil under stress 
(see Figure 1) there are three orthogonal planes (called the princi­
pal planes) which are subjected only to normal stresses (called the 
principal stresses), with no shearing stresses acting in the planes. 
The three principal stresses are referred to as the major principal 
stress, , the intermediate principal stress, cr^ , and the minor 
principal stress, 0"^ . These stresses usually differ in magnitude; 
however, in the case of a cylindrical section, where the lateral 
stress is equal from all sides, cr^ = <J^ . 
In conducting the triaxial shear test an encased cylindrical 
soil sample is subjected to controlled principal stresses by a process 
of axial loading (to failure) with simultaneous application of a constant 
fluid pressure on the peripheral surface. The resulting shear failure 
generally occurs along some shear plane as shown in Figure 2. From 
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Figure 1. Stresses on cylindrical section of soil 
Figure 2. Shear failure in a cylindrical soil sample 
24 
the observed data it is then possible to determine values for cohesion, 
C, angle of internal friction, 0, normal stress on the failure plane, 
0"^ , shearing stress on the failure plane, T , the initial stress in the 
soil (prior to the application of loads) and other related information. 
The method of determination of these values will be explained in the 
discussion of the analytical procedure. 
The single objective set forth for the triaxial shear tests 
was to determine the effect of sample size on triaxial shear strength 
data. 
The principles of dimensional analysis were employed to 
develop the general form of the functional relationship between the 
variables contributing to the phenomenon under investigation. 
As indicated in the discussion of the principles of similitude, 
the first step in the procedure involved the selection of the pertinent 
variables. The variables considered in this investigation, as well 
as the representative symbols, and the basic dimensions used are 
shown in Table 1 . 
The shear strength, T, was assumed to be a function of the 
remaining variables, and the following relationship was established 
T  =  R (  C ,  L ,  M ,  X . ,  0 ,  D  )  .  ( 6 )  
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C Apparent cohesion of the soil 
-2 
FL 
L Length of sample cylinder L 
0 0 0 
M Moisture content of the soil F L T 
Any characteristic length L 
r Shear strength of the soil 
-2 
FL 
0 0 0 
Angle of internal shear F L T 
D Diameter of sample cylinder L 
F = Force L = Length T = Time 
Treating the shear strength, T ,  as the dependent variable, 
and combining the variables into the correct number of dimensionles s 
ratios, the following functional relationship resulted 
L X 
— = f( M, $, — , _i ) . (7) 
C D D 
The determination of the effect of size required the utilization 
of the principles of similitude which were discussed previously. 
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where the subscript m refers to the model and the non-subscripted 
variables refer to the prototype. 
The design conditions were as follows: 
Design Condition 1 IT- = 7r_ M = M ® 2 2m 
Design Condition 3 I T .  -  I f  
4 4m 
Design Condition 4 ff_ = ff_ 5 5m 
m 
Design Condition 2 I t ^  -  f t ^  0=0 






L = L 
D ™ 
m 






X  =  — X .  
1 im 
m 
Xi ~ n Xim 
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If the design conditions were satisfied, the prediction 
equation would be as follows: 
T r 
IT = IT ~ —— . (9) 
1 Itn _ ^ 
The moisture content, M, was held constant from model 
to prototype by using soil samples taken from a given soil at a 
given moisture content. Design Condition 1 was thus satisfied. 
The same soil was used, and (when tested at the same 
moisture content and density) it was assumed that 0 was equal to 
0^. In addition, McLeod (27) found the difference between 0 and 
^m negligible. Therefore, the assumption was that Design 
Condition 2 was satisfied. 
No difficulties were presented in fulfilling Design Conditions 
3 and 4. Initially, it was intended that an L/D ratio of 2 would be 
used for all sample cylinders. However, ratios of 1, 2, 2.5, 3.3, 
and 4 were included in the tests. 
After having established the prediction equation, it was then 
necessary to perform experimental tests to determine whether or 
not the relationship held. This was accomplished by holding all 
other variables constant while varying sample size. Comparisons 
were then made on the basis of the size variation in order to study 
the corresponding effects. 
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Penetrometer Tip Studies 
The penetrometer tip studies had a two-fold objective -- 1) 
the development of an equation for the prediction of soil shear strength 
from penetrometer readings, and 2) the determination of the influence 
of tip size and shape on penetrometer readings. 
Development of equation 
Dimensional analysis again was helpful in the development of 
the general form of the equation. 
In the selection of the pertinent variables associated with the 
force required to penetrate the soil, the following possibilities were 
considered: base area, surface area, and length of the penetrometer 
tip; apparent adhesion, apparent cohesion, shear strength, angle of 
internal friction, bulk volume weight and moisture content of the 
soil; angle of soil-to-metal friction; time; depth of penetration of the 
penetrometer tip; and force applied to the penetrometer. Since this 
phase of the study, however, was not concerned with the quantitative 
evaluation of the variables influencing the shear strength of the soil 
it was decided to employ a technique similar to that used by Kondner 
(22). The principal exception in-the present development was that 
the primary interest was centered in the penetrometer tip, whereas. 
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in Kondner's work a penetrator was used that had a constant cross-
section above the tip. Frictional effects along the penetrator shaft 
surface exerted the principal influence, while the tip influence was 
minimized. In order to isolate the tip influence in the current tests, 
the penetrometer shaft had a smaller diameter than the tip (which 
eliminated any effects of soil contact with the shaft). 
A s  previously stated, the number of variables should be 
kept to a minimum (without exclusion of important variables). The 
variables selected for this study, their appropriate symbols, and 
the fundamental units in which they were expressed are shown in 
Table 2. 
This selection was made on the basis of several assump­
tions. It was assumed that the factors associated with the influence 
of the soil would be adequately described by the parameter T . Since 
T is a function of the apparent cohesion, C , and the angle of internal 
friction, #, of the soil, consideration of T was considered equiva­
lent to the inclusion of these variables. Furthermore, in the work 
of McLeod (27), it was determined that the apparent adhesion did not 
exert an appreciable influence on the force required to move tillage 
tools through the soil; therefore, this variable was not included in 
the analysis. 
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A  Base area (or surface area) of 
the penetrometer tip 
L Length of the penetrometer tip L 
\ Any other characteristic length L 
P Force applied to produce pene­
tration 
F 
Z Depth of penetration L 
r Characteristic shear strength 
of the soil 
FL 
F = Force L = Length 
The variable of primary interest was the force required 
to produce penetration, and it was shown to be a function of the 
other variables in the equation 
P = F ( A, L, Z, T ) . (10) 
Proceeding with the dimensional analysis, the variables 
were formed into the characteristic dimensionless Pi terms. 
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Since the force, P, required to produce penetration was con­
sidered to be the dependent variable, it should appear in only one Pi 
term. In addition, the factor considered to exert the greatest influ­
ence on P was included in the same Pi term. It was suggested by 
Larson (25) that soil cohesion was a predominant factor in resistance 
to shear; consequently, shear strength, T , which includes the influ­
ence of cohesion, was included in the dependent Pi term. 
The combination of the variables necessary to produce the 
dimensionless Pi terms resulted in the following form of the desired 
general functional relationship 
2 
P Z X. L 
= f ( — , —- , ) . (11) 
AT L L A 
From the above analysis, the number of initial variables (six) 
minus the two basic dimensions involved (F and L), has produced the 
correct number (four) of independent, dimensionless ratios. 
Initially it was intended that the penetrometer would be 
forced into the soil at a constant rate. In order to minimize the effects 
of time or of tip velocity, a change in instrumentation was made in 
order to employ a constant-load device. By allowing the application 
of a constant load over a sufficient period, the influence of time (i. e. , 
rate of movement, etc.) was virtually eliminated. 
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2 
The L /A term reflects the effects of tip size and shape. 
Although various sizes and shapes of tips were used in the overall 
experiment, size and shape were held constant for each series of 
tests. Thus, in this phase of the experiment, holding the tip size and 
2 
shape constant permitted the elimination of the L /A Pi term. 
Since the X./L term was equivalent to Z/L, only one of 
these terms was considered, and X./L was eliminated. 
After having eliminated two of the original four Pi terms, 
the remaining relationship was 
P , Z 
= f ( — ) . (12) 
AT L 
Having completed the dimensional analysis, it was then 
necessary to determine the explicit form of the functional relation­
ship from experimental data. 
The value of shear strength, T, was determined from the 
triaxial shear test, and the force, P, and depth of penetration, Z, 
were measured directly. 
Curves of P / A T  VS .  Z / L  could then be plotted to estab­
lish the relationship between these variables. 
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Consider Equation 12, 
A T  L  
Rearranging and solving for T gave 
r = P 
f ( —) 
L 
f ( —) 
L 
(13) 
From this relationship it is possible to predict soil shear 
strength from penetrometer load and depth readings. 
Penetrometer Model Tests 
An extension of the previous development permitted the 
establishment of the model-prototype relationship (as explained in 
the section on the principles of similitude). 
Equation 11 was given as 
P Z X. L 
A t  h  L  A  
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The Design Conditions taken from Equation 11 were the following: 
Z Z 
Design Condition 1 IT = n 
Design Condition 2 IT = IT 
Design Condition 3 . 4 4m 
m 
2 2m li L 
m 
L 
Z — n Z 
m 
^i ^im 
3 3m L 
m 
2 2 




A  =  n ^ A  
m 
The prediction equation was then 
"l ' "im — (14) 
P P 
m 
A t  A T  
m m 
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To determine the influence of size and shape, the base area, 
surface area and shape could be varied independently while holding all 
other parameters constant. 
For example, for the conical shape tip having a 30 degree 
apex angle, with a base area of 0.2 square inches in the model and 
2 
a base area of 0.8 square inches in the prototype, n was 4 and 
2 
n was 2 (from A  —  n  A  ). Since n = L / L , L = n L ; 
m m m 
therefore, fixing at 0.9416 inches gave a value of prototype 
tip length, L, equal to 1.8832 inches. Similar calculations deter­
mined the sizes of the other tips used. 
Data on penetrometer tip shape, base diameter, base area, 
surface area and length are presented in the computer program for the 
penetrometer test data reduction, shown in Figure 55, on page 176, in 
Appendix B. 
The types of tips used were (from left to right, by columns, 
in Figure 3) 30 degree conical (tips 1, 2 and 3), 60 degree conical (tips 
4, 5 and 6), 90 degree conical (tips 7, 8 and 9), 60 degree conical (tips 
10, 11 and 12), 90 degree conical (tips 13, 14 and 15), flat circular 
(tips 16, 17 and 18), hemispherical (tips 19, 20 and 21), parabolic (tips 
22, 23 and 24) and exponential (tips 25, 26 and 27). 
The tips were made up in sets of three (for each shape) and 
were numbered consecutively from 1 through 27 as shown in Figure 3. 
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Each tip within a set was a model of each of the other tips in that set. 
Tips 4, 5 and 6 (with a 60 degree apex angle) and tips 7, 8 and 9 (with 
a 90 degree apex angle) were models of tips 1, 2 and 3 (with a 30 degree 
apex angle), and the comparisons were made on the basis of equal tip 
base area. (Tips 1, 4 and 7 had equal base areas. Tips 2, 5 and 8 had 
equal base areas. Tips 3, 6 and 9 had equal base areas.) Tips 10, 11 
and 12 (with a 60 degree apex angle) and tips 13, 14 and 15 (with a 90 
degree apex angle) were also models of tips 1, 2 and 3; however, in 
this case, the comparisons were made on the basis of equal tip surface 
area. (Tips 1, 10 and 13 had equal surface areas. Tips 2, 11 and 14 
had equal surface areas. Tips 3, 12 and 15 had equal surface areas.) 
Tips 16, 17 and 18 (with a flat circular shape), 19, 20 and 21 (with a 
hemispherical shape), 22, 23 and 24 (with a parabolic shape), 25, 26 
and 27 (with an exponential shape) were compared with tips 1, 2 and 3 
on the basis of equal base area. 
Wire Soil Shearing Studies 
The assumptions and procedure used in the development of 
the dimensional analysis of the wire soil shearing system were essen­
tially the same as those used for the penetrometer, ^s a result, the 
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Figure 3. Penetrometer tips 
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variables considered in the analysis were similar to those used in . 
the penetrometer studies. 
The wire soil shearing device which served as the basis 
for this study utilized a wire (stretched between the arms of a yoke) 
which was forced vertically into the soil. In this case, the variable 
A could be considered as either the frontal area, (length x diameter), 
or the contact surface area, (length x circumference/2). 
The variables and the associated symbols and dimensions 
are presented in Table 3. 




A  Frontal area (or contact 
surface area) of the wire 2  L 
L Length of wire in contact 
with the soil L 
\ Any other characteristic length L 
P Force applied to shear soil F 
z Depth of penetration of wire L 
T  Characteristic shear strength 
of the soil 
- 2  
FL 
F = Force L = Length 
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Proceeding through the same development as before yielded 
the equation 
P „ Z 
A T  L 
(12A) 
After having determined the value of the functional relation­
ship, solution of the above equation gave an equation for the charac­
teristic shear strength in the form 
r = 
f ( — ) 
L 
(13A) 
Again, following the previous developmental procedure, the 
prediction equation was found to be 
^1 " ^Im 
m (14A) 
A t  A T  
m m 
Experimental results should determine the validity of the 
foregoing relationships. 
Wire diameters of 0.020, 0.031, 0.041 and 0.051 inches 
were available, and their use gave values of length scale, n, equal 
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to 1.24, 1.32, 1.55, 1.64, 2.05 and 2.55. The length-to-diameter 
ratio selected was 100 to 1, and the resulting wire lengths were 2.0, 
3.1, 4. 1 and 5. 1 inches. 
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INSTRUMENTATION, EQUIPMENT AND TESTING PROCEDURES 
All of the tests with both triaxial and penetration equipment 
were conducted in the Agricultural Engineering Model Tillage 
Laboratory. 
Triaxial Equipment 
The triaxial test equipment consisted of a triaxial shear 
testing device, a set of molds for preparing samples, an eight-
channel Offner Dynograph and miscellaneous laboratory equipment 
such as balances, ovens, etc. 
The triaxial shear testing device, as previously stated, is 
capable of applying an axial load to a cylindrical soil sample encased 
in a thin rubber membrane and contained in a compression chamber 
within which fluid pressure can be exerted on the sample. With the 
fluid pressure held constant, the axial load is increased until the 
cylindrical sample fails in shear. 
The triaxial device used in the tests was constructed by 
technicians in the Agricultural Engineering Department and was used 
by Schafer (36). The following modifications were made by the author 
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to facilitate use of the device in the current tests: 
1. A load ring of greater capacity was installed to measure 
the loads on larger diameter test specimens. 
2. The device used for sensing the failure of the specimen 
w a s redesigned (Figures 4 and 5) to facillitate installation, position­
ing and removal, of the test specimen. 
The soil test cylinders used were remolded samples of Luton 
Silty Clay, an Iowa soil having the mechanical analysis shown in 
Table 4. In general, the particle size distribution was as follows: 
Clay, 0.002 mm, 51.0%; Silt, 0. 002-0. 050 mm, 43. 5%; Sand, 0.050-
2. 00 mm, 5. 5%. 
The procedure followed in preparing the test cylinders of 
soil involved the following steps; 
1. The required weight of soil was determined (in order to 
produce a specimen of the desired density when compressed to a 
known volume at a given moisture content). This amount of soil was 
then placed in the mold of the desired diameter as shown in Figure 6. 
Figure 7 shows the two halves of the mold used for making 
the 2-inch diameter samples, the two halves of the insert used for 
molding the 1-inch diameter samples, the cylindrical rams used for 
compressing the soil within the molds, the clamps used to hold the 
split mold together and the 1-inch diameter molded soil sample . 
42 
Figure 4. Triaxial shear test sample (with expansion sensing 
element open) 
43-
Figure 5, Triaxial shear test sample (with expansion sensing 
element closed) 
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Table 4. Mechanical analysis of soil (25) 
Particle Size, mm Luton Silty Clay 
% Cumulative % 
< 0. 002 51.04 51.04 
0.002 - 0.004 7. 34 58.38 
0.004 - 0.008 9.96 68.34 
0.008 - 0.016 8.67 77.01 
0.016 - 0.031 11.43 88.44 
0.031 - 0.050+ 6.12 94.56 
0.050 -  0 .062*  3.87 98.43 
0.031 — 0.0 62 9.99 . 
0.062 - 0.125 0.78 99.21 
0. 125 - 0.250 0.32 99.53 
0.250 - 0.500 0.29 99.82 
0.500 - 1.000 0. 16 99.98 
1.000 - 2.000 0.02 100.00 
•Estimated by straight line proportioning between 0.031 and 0.062 mm 
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Figure 6. Two-inch mold for making soil samples 
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Figure 7, Parts of mold for making soil samples 
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2. One of the rams was inserted part way into the mold, 
the required amount of soil was poured into the mold and then the 
second ram was inserted. 
In the earlier tests the complete assembly was placed on 
the carriage of the compressing device developed by S chafer (shown 
in Figure 8). 
The carriage of this device was supported on four grooved 
wheels which permitted it to move along the inverted channel-iron 
track as shown in Figure 8. A 5-ton hydraulic jack was used in the 
compressing device to apply a force to the cylindrical rams. 
With the mold assembly in position, pressure was applied 
to the soil contained in the mold by actuating the jack. 
Initially, some difficulty was experienced in obtaining 
samples of uniform density due to differential movement of the 
cylindrical rams. In an attempt to rectify this problem the device 
was modified by installation of the parallel-linkage chain-actuated 
carriage advance mechanism shown in Figure 9. This mechanism 
insured advance of the carriage at half the rate of advance of the 
jack piston and caused the cylindrical rams to enter the molds an 
equal distance simultaneously. The samples thus produced were of 
a more uniform density than that of the previous samples. 
However, a considerable density gradient still existed 
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Figure 8. Hydraulic device for compressing soil samples 
(unmodified) 
Figure 9. Hydraulic device for compressing soil samples 
(modified) 
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along the length of many of the samples produced with this device. In 
a number of samples checked, this gradient was as much as 18 pounds 
per cubic foot (dry basis) from one end of the sample to the other in 
a 2-inch diameter, 5-inch long sample having an average dry density 
of 86 pounds per cubic foot. 
A new device was designed and constructed to produce samples 
of more uniform density. As shown in Figures 10 and 11, it consisted 
of two double-acting pneumatic cylinders, a control valve and a support 
for the molds. Figure 10 shows the pistons retracted and the mold in 
place prior to compressing the soil. Figure 11 shows the pistons 
extended and the rams seated against the ends of the mold. 
The 2-inch diameter by 5-inch long samples produced with 
the new device had a density gradient of from 1 to 9 pounds per cubic 
foot (from end to end), where the average density was again 86 pounds 
per cubic foot. ^ . 
3. When the cylindrical rams were seated against the ends 
of the mold, the predetermined cylinder volume was reached and the 
load was removed. The mold assembly was then lifted from the com­
pressing device, the clamps were removed, the halves of the mold 
were separated, and the soil sample was removed from the mold. 
4. The samples were then cut to the required length for 
testing. This was done by first inserting the soil cylinder in the 
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Figure 10. Pneumatic device for compressing soil samples 
(with piston rods retracted) 
Figure 11. Pneumatic device for compressing soil samples 
(with piston rods extended) 
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appropriate section of the cutting device shown in Figure 12. The 
associated hinged cutting blade carrier was then lowered so as to 
place the blades into the mating slots in the container holding the 
soil cylinder. A load was applied manually to force the cutting blades 
through the soil sample, thus cutting the sample to the desired length. 
The prepared soil sample was then removed for testing. Figure 12 
shows the three sample sizes produced by this procedure. 
Triaxial Test Procedure 
The testing procedure consisted of the following steps; 
1. The sample soil cylinder was encased in a thin rubber 
membrane and placed in the triaxial device as shown in Figure 13. 
2. The arms of the mechanism used for sensing the expan­
sion and shear failure of the test specimen (Figures 4 and 5) were 
pivoted to contact the surface of the encased specimen. (An SR-4 
electric resistance strain gage, type FAP-25-12, having 120 ohms 
resistance was mounted on each of the four arms of the sensing 
element and these gages were electrically connected to form a 
bridge circuit similar to that shown in Figure 14. ) 
3. The plexiglas pressure cell of the triaxial device was 
lowered into the sealed position and locked. The load ring was 
Figure 12. Soil sample cutting device 
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Figure 13. Triaxial shear testing device 
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o 
Figure 14. Triaxial load ring and strain gage bridge circuit 
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lowered into contact with the aluminum cap on top of the specimen. 
(Figure 14 shows a schematic drawing of the load ring bridge circuit 
and a pictorial drawing of the SE-4 strain gages mounted on the load 
ring. ) 
4. In the tests in which a minor principal stress was applied 
to the specimen this stress was applied prior to the application of the 
axial load by pressurizing the cylinder. 
5. The axial load was applied by means of an electric 
motor-driven gear reducer system connected to the load ring through 
an appropriate mechanical screw arrangement. 
6. Deflection of the load ring and flexure of the arms of the 
expansion-sensing element produced electrical signals which were 
fed into the Offner Type R Dynograph recorder shown in Figure 15. 
The signals were translated into a chart record of load and associated 
shear failure of the specimen by means of the Type 504A Dynograph 
Recorder, also shown in Figure 15. 
7. Recorder output was then transferred to IBM punch 
cards for data analysis. 
(Figures 16 and 17 show typical samples after failure under 
the loads applied in the triaxial test.) 
Figure 15. Triaxial shear testing equipment 
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Figure 16. Typical triaxial shear samples after failure 
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Figure 17. Closeup of triaxial shear sample after failure 
59 
Penetrometer Equipment 
Equipment used in the penetrometer tests consisted of a 
system for preparing the soil, a device for statically loading the 
penetrometer and simultaneously producing electrical signals to 
indicate applied load and penetrometer tip depth, and the Offner 
Dynograph previously described. 
The soil-fitting equipment used was constructed by Bockhop 
(6) and modified by McLeod (27), S chafer (36) and Larson (25). 
Basically this equipment consisted of the following: 1) a soil bin or 
container, 2) a movable carriage, 3) a rotary tiller, 4) a strike-
off blade, 5) a roller and 6) the associated drive mechanism and 
controls. 
The soil bin shown in Figures 18 and 19 was approximately 
14 feet long, 32 inches wide and 9 inches deep and was capable of 
being loaded on, or removed from, the carriage in order that a 
number of soils could be made available for testing. Approximately 
800 pounds of soil was contained in each bin. 
The carriage was supported by three sets of flanged steel 
wheels and was mounted on steel rails. During the s oil-conditioning 
process the carriage was moved along the track by means of an 
electric motor powered chain drive. The bin containing the soil was 
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Figure 18. Soil-fitting equipment (from rototiller end) 
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Figure 19. Soil-fitting equipment (from drive end) 
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thus moved past the stationary rototiller, scraper blade and compac­
tion roller during the various steps in the sequence of operations. 
The rototiller shown in Figure 20 was powered by a 1.5 
horsepower electric motor through a speed-reducing mechanism and 
rotated at approximately 80 revolutions per minute. As the carriage 
moved past the rotating tines, the soil was worked the full width and 
depth of the bin. Depth was controlled by electrically actuated pneu­
matic cylinders. 
The strike-off blade in Figure 21 was used for final leveling 
of the soil prior to compaction. As in the case of the rototiller, the 
blade was lowered to the proper depth by means of an air cylinder 
and was held stationary while the carriage was moved past the blade 
to smooth the soil surface to the desired level. 
The compaction roller (Figure 22) was a chain-driven drum 
30 inches in diameter and 30 inches in length. The roller was geared 
to the carriage drive so that the peripheral speed of the roller was 
equal to the linear speed of the soil bin at the point of contact between 
the roller and the soil. The degree of compaction was controlled by 
the depth setting and the number of passes of the roller over the 
surface of the soil. The drum was also raised and lowered by means 
of electrically controlled air cylinders. 
The general soil-fitting procedure consisted of the following 
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Figure 20. Rotary soil tiller 
Figure 21, Strike-off blade 
Figure 22. Compaction roller 
6 6  
steps: 1) moisture was added to thje soil (when required), the soil 
was tilled three times, and the soil was covered with a polyethylene 
plastic sheet for a period of at least eight hours in order for the 
moisture content of the soil to reach an equilibrium condition, 
2) soil of the desired moisture content was tilled twice, 3) the 
uneven soil surface was struck-off manually to a comparatively level 
condition, 4) the strike-off bar was lowered into position for final 
leveling of the soil surface, 5) the roller was then lowered to contact 
the soil surface and 6) the roller depth and the number of passes 
were varied to give the desired density. 
After having prepared the soil, penetrometer tests were 
made with the penetrating device. 
The penetrometer device is shown in Figures 23, 24 and 25. 
The major components were the framework, a load platform, a load 
ring, a rack and pinion, a potentiometer and a penetrator rod on 
which the penetrometer tips were mounted. 
The framework served as a base for supporting the device 
on the soil surface and provided four guide rods to maintain the load 
platform in a position parallel to the soil surface. In addition, the 
framework provided a fixed point of attachment for the pinion 
(relative to the rack) for indication of penetrometer tip depth. 
The load ring was similar to that used in the triaxial device 
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Figure 23. Penetrometer test equipment 

Figure 25. Penetrometer load ring and depth sensing mechanism 
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described previously. It also employed SR-4 strain gages for 
sensing applied loads. Although the loads were known and could be 
recorded easily, the load ring was employed in order to provide a 
means of obtaining a chart record of applied load simultaneously 
with the records of depth and time. 
The rack was attached to the penetrator rod and, as it moved 
vertically, caused the pinion to rotate and thus rotated the attached 
potentiometer. The pinion-potentiometer arrangement was mounted 
on a spring-loaded arm to permit disengaging the pinion in order 
to "zero" the depth reading for various penetrometer tips. 
The potentiometer was a Borg micropot ten turn potenti­
ometer, Model 205, having 100 ohms resistance (+3%) and a linear 
tolerance of 0. 1%. The potentiometer was used in a two-arm bridge 
circuit with two 1000-ohm fixed resistors as shown in Figure 26. 
As the penetrator rod was moved, the potentiometer rotated and the 
resulting signal was fed into the dynograph to produce a chart record 
of depth of penetration. 
The penetrator rod was attached to the lower side of the 
load ring and passed through a lower guide bushing. The bottom 







Figure 26. Bridge circuit for penetrometer depth gage 
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Penetrometer Test Procedure 
The procedure used in the penetrometer tests consisted of 
the following steps: 1) the penetrometer device was placed on the 
prepared soil surface in a location selected at random, 2) the load 
platform was released and lowered until the penetrometer tip just 
contacted the soil surface, 3) the depth indication on the chart 
record was set to zero by adjustment of either the potentiometer, 
the balance control on the dynograph, or both, 4) a known load was 
applied, 5) the load platform was released, and 6) a record was 
made of load, depth of penetration and time for each tip configuration. 
As may be seen in Figure 27, a preliminary investigation 
of the relationship of depth of penetration to time revealed that, for 
a given penetrometer tip and for a given load, there was a point in 
time beyond which there was a relatively small incremental increase 
in depth. Asa result, 90 seconds was established as the standard 
length of time of application of each load -- that is, the time at which 
the maximum depth of penetration was assumed to have been reached 
for a given load. 
Tests were run for each penetrometer tip, for soil densities 
of approximately 64 and 67 pounds per cubic foot (or 1.03 and 1,07 
grams/cc) and for moisture content of approximately 20 per cent 
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Figure 27. Penetrometer depth vs time curves 
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(all measurements on dry basis). The data obtained in the penetro­
meter tests also were transferred to IBM punch cards for analysis 
on the IBM 360 computer. 
Wire Soil Shearing Equipment 
The equipment used in the wire soil shearing tests (in which 
wires were used as the shearing device) was essentially the same as 
that used in the penetrometer tests. The equipment was modified by 
the addition of an extension to the basic framework as shown in 
Figure 28. This extension was necessary to accomodate the additional 
length of the yokes used for mounting the wires of various diameters 
and lengths as seen in Figure 28. Each yoke was attached to the 
lower end of the penetrator rod by means of a bolt as shown in the 
figure. 
Tension in the wires was based on obtaining equal initial 
tensil stress in each wire used. This was accomplished by the 
following procedure: 1) the yoke was held in a horizontal position 
with the lower arm rigidly clamped, 2) an automotive throttle-stop 
clamp was attached to one end of the wire, 3) the wire was fed 
through the tension adjustment screw in the upper arm across the 
yoke opening, through the tension adjustment screw in the lower arm. 
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Figure 28. Wire soil-shear device 
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and through a second throttle-stop which was not tightened at that 
time, 4) a weight was attached to the wire in order to produce the 
desired stress, 5) the lower throttle-stop clamp was raised to contact 
the head of the lower tension adjustment screw and was clamped to the 
wire, 6) the lower tension adjustment screw was turned until friction 
between the screw and the throttle-stop clamp indicated a tendency 
to rotate the throttle-stop clamp and wire (it was assumed that at 
this point all clearance had been eliminated between the parts holding 
the wire in tension), 7) the weight was removed. The yoke and wire 
assembly is shown in Figure 29. Reduction of stress in the wire due 
to deflection of the yoke arms was not taken into account. 
Wire Soil Shearing Test Procedure 
The procedure followed in preparation of the soil was the 
same as that used in the penetrometer tests but with one additional 
step. After the. final rolling of the soil surface, 2-inch wide by 
3-inch deep slots were cut in the soil to produce the isolated ridges 
shown in Figure 28. 
The test procedure was similar to that used in the pene­
trometer tests. Tests were conducted at soil moisture contents of 
approximately 20 and 22 per cent, densities of 60 and 65 pounds 
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Figure 29. Wire soil-shear yoke and wire assembly 
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per cubic foot and with ridge widths of 2.0, 3.1, 4.1 and 5.1 inches 
(to conform to the model analysis). 
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ANALYSIS OF RESULTS 
Triaxial Tests 
Triaxial test data (axial load and specimen deformation) 
•were obtained from Dy no graph chart records similar to the example 
shown in Figure 30, The variable of primary interest in this study 
•was the axial load at the point of shear failure. Values of axial load 
and minor principal stress were used to determine the angle of 
internal friction and the cohesion of the soil under the test conditions. 
The usual process of determining angle of internal friction 
and cohesion from the triaxial test employs a graphical procedure 
known as the Mohr circle analysis. A set of coordinate axes is es­
tablished having values of normal stress represented on the abscissa 
and values of shear stress on the ordinate. Data for major and minor 
principal stresses associated with a given test specimen are used 
to plot two points along the abscissa. Half the distance between the 
two points is used as the center for drawing a circle through the 
plotted points. This process is repeated (a minimum of three times) 
with data taken from tests run at different values of minor principal 
stress. The family of circles thus established are called Mohr 
circles. A line drawn tangent to these circles establishes the failure 
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Figure 30. Dynograph trace of load and deformation for a 2-inch diameter by 4-inch 
long soil sample 
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envelope for the soil under the given test conditions. The angle which 
this line makes with the abscissa is $, the angle of internal friction 
of the soil. The intercept of the line on the ordinate represents C, 
the value of soil cohesion for the given conditions. 
Figures 31, 32 and 33 show Mohr circles drawn using 
representative data from the tri axial tests. 
The foregoing graphical procedure is rather laborious, and 
the accuracy of the resulting data is often questionable. For example, 
as shown in Figure 33, the drawing of the line tangent to the Mohr 
circles would require considerable interpretive skill. In such cases 
human error is inevitable. As shown in Figure 32, the estimation 
of the position of the tangent line is less difficult, but is still suscep­
tible to error. 
In order to minimize the degree of human error, the author 
developed a program for the IBM 360 computer to perform the data 
reduction process. The program is based on a linear regression 
involving values of the major and minor principal stresses encountered 
in the triaxial test. A copy of the program is shown in Figure 54 in 
Appendix B. Pi terms for the dimensional analysis were developed 
in the same computer program. 
Initially, imaginary data were fed into the program, and the 
output data were compared to the graphical solutions in order to check 
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TEST NUMBER 148 
DRY DENSITY, LB/CU.FI 83 
MOIS. CONTENT, % 
L/D RATIO 
1 0 0  1.0 IN. DIA. 
1.5 IN. DIA. 
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N O R M A L  S T R E S S ,  ( T ,  p s i  
Figure 31. Mohr circle analysis for triaxial test data 
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TEST NUMBER I I 
DRY DENSITY, LB/CU.FT._ 84 
MOIS. CONTENT, Vc 
L/D RATIO 
20 
— 1.0 IN. DIA. 
— 1.5 IN. DIA. 





0 20 40 60 80 100 
NORMAL STRESS, cr, PSI 
Figure 32. Mohr circle analysis for triaxial test data 
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TEST NUMBER 24 
DRY DENSITY, LB/CU,F%__ 86 




1.0 IN. DIA. 
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' NORMAL STRESS, <r, psi 
Figure 33. Mohr circle analysis for triaxial test data 
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the accuracy of the computer program. Fortuitously there -were 
actual tests which produced data that also afforded opportunities to 
check the computer data (see Figure 31). 
Computer values of cohesion and angle of internal friction 
were used to establish the tangent lines shown in Figures 31, 32 and 
33. As shown in Figure 31, the computer data had a relatively high 
degree of accuracy. This close agreement established confidence in 
cases such as those shown in Figures 32 and 33, in which data inter­
pretation was more difficult. 
Computer output data are tabulated in Figure 51 in Appendix 
A. Data which appeared to be questionable (i. e., such as negative 
values of angle of internal friction, etc.) were excluded from the 
analysis but are tabulated in Appendix A. All tests on samples having 
a length-to-diameter ratio of 1 were excluded and were not tabulated 
because of the erratic nature of the data. For purposes of comparison, 
the raw data were sorted on the basis of sample diameter, density, 
moisture content and length-to-diameter ratio. The order of this 
sorting process is shown in Table 5. 
Effect of sample size 
The principal objective of this series of tests was to deter­
mine the effect of sample size on 0 and C. Figures 34, 35 and 36 
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Table 5. Data sets used in the triaxial data analysis 
Set Tests Density* 
Moisture 
Content** 
1 8, 13, 14, 19, 61 77 20 
2 26, 92, 169 77 21 
3 97, 98, 103, 104 77 22 
4 67, 68, 202 78 19 
5 79, 80, 85, 86, 115, 116, 121, 122, 
127, 128, 133, 134, 145, 157, 158 78 20 
6 151, 152, 312, 322 78 21 
7 99, 100, 105, 106 81 22 
8 117, 118, 159, 160 82 20 
9 81, 82, 93, 94, 332, 342 82 21 
10 33, 34, 123, 124, 129, 135, 136, 
141, 142, 147, 148, 153, 154 83 19 
11 66, 177, 178 85 20 
12 71, 72, 119, 120 86 19 
13 35, 36, 83, 84, 137, 138, 143, 
144, 155, 156, 162 86 20 
14 203, 204, 213, 214 86 22 
* Density, lb./eu. ft. 
**Moisture Content, per cent 
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TEST NUMBERS SET 5, TABLE 5 
DRY DENSITY, LB/CU.FT__78 
MOIS. CONTENT % 20 
L/D RATIO 2 (OTHERS MARKED) 
100 1.0 IN. DIA. 
1.5 IN. DIA. 






0 40 20 60 80 100 
NORMAL STRESS, cr , PSI 
Figure 34, Relationship of shear stress and normal stress for 
triaxial tests 
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TEST NUMBERS SET 10, TABLE 5 
DRY DENSITY, LB/CU.FT—83 
MOIS. CONTENT, V, 
L/D RATIO 2 (OTHERS MARKED) 
1.0 IN. DIA. 
1.5 IN. DIA. 
100 






0 20 40 60 80 100 
NORMAL STRESS, ( T ,  PSI 
Figure 35. Relationship of shear stress and normal stress for 
triaxial tests 
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TEST NUMBERS SET 13, TABLE 5 
DRY DENSITY, LB/CU. FT 86 
MOIS. CONTENT, V< 
L/D RATIO 2 (OTHERS MARKED) 
— 1.0 IN. DIA. 
— 1.5 IN. DIA. 
100 
-2.0 IN. DIA. 
Û. 80 
i f )  60 
40 20 60 80 100 
NORMAL STRESS, cr, PSI 
Figure 36. Relationship of shear stress and normal stress for 
triaxial tests 
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are examples of graphical comparisons of the data. Similar plots 
of all the data sets listed in Table 5 showed that, in all except two 
cases, the average value of angle of internal friction for the 2 inch 
diameter samples was greater than that for the 1. 5 inch diameter 
samples. In comparing the 1.5 and 1.0 inch diameter samples, 
the value of angle of internal friction for the 1. 5 inch diameter 
samples was greater (with three exceptions) than that for the 1.0 
inch diameter samples. 
In the majority of cases, the values for cohesion obtained 
for the 1. 5 inch diameter samples were greater than those for either 
the 1.0 or 2.0 inch diameter samples, and the values for the 1.0 
inch diameter samples were greater than those for the 2. 0 inch 
diameter samples. 
On the basis of this analysis, it appeared that sample size 
influenced the values obtained for cohesion, C, and angle of internal 
friction, #. In general, the trend was toward an increase in angle 
of internal friction with an increase in diameter. This result is 
apparently contradictory to the initial assumption that 0 = . 
No attempt was made to establish a quantitative relationship to de­
scribe this phenomenon. 
Although sample size had an apparent influence on the values 
of cohesion, no directional trend could be determined from the tests 
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made in this experiment. The average difference between the values 
of cohesion for the 1.0 and 1.5 inch diameter samples was of the 
order of 1. 3 psi; between the 1. 5 and 2, 0 inch diameter samples, 3. 8 
psi; and between the 1. 0 and 2. 0 inch diameter samples, 3. 9 psi. 
Application of dimensional analysis 
In the application of the procedures of dimensional analysis 
to the triaxial test data reduction process, the data were regrouped 
on the basis of constant values of the independent Pi terms (moisture 
content, angle of internal friction and length-to-diameter ratio). Be­
cause of variations in the experimental data, it was necessary to 
select ranges of the variables and to consider any value falling within 
a given range as being essentially constant and equal to the average 
value over the range. 
In order to make a comparison between the various pairs 
of dimensionless parameters, it was necessary to establish a common 
basis upon which the comparisons could be made. In the plot of shear 
stress, T, vs. normal stress, C, (as shown in Figures 31, 32 
and 33) there were an infinite number of values of cr with corre­
sponding values of T. No particular value of T was common to all the 
% . 
tests; however, since the unconfined compressive strength, q, was 
the minimum value measured with the triaxial machine, and, since 
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q is related to <T, it was assumed that q would be a satisfactory 
parameter for the basis of comparison. 
With regard to the relationship of T and q, Taylor (41) 
proposed the use of the empirical relationship T = ( 1/2 )( - 0"^^ ), 
(the theoretical relationship is T = (1/2) cos 0( - a^^) ), where 
is the major principal stress at failure and is the minor 
principal stress at failure. In the unconfined compressive test, 
was equal to zero, and the quantity ( -(T^) was equivalent to the 
quantity ( Cr^ - 0 ), which was, by definition, equal to q, the uncon­
fined compressive strength of the soil. Values of (equal to q) 
were measured in the unconfined compressive strength tests with the 
triaxial device. 
On the basis of the preceeding information, appropriate 
changes were made in the original dimensionless parameters. 
In place of the original dependent variable, T/C, a new 
dimensionless parameter, q/C, was formed. Conversions from q 
to T can be made as desired. 
The independent Pi terms (moisture content and L/D) were 
the same as previously established. 
The following development illustrates the value of employing 
the procedures of dimensional analysis. 
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Figure 37 is a graph of the relationship between the dimen-
sionless ratios q/C and moisture content. Values for plotting the 
curves were taken from data sets 15 through 20 in Table 6. In plot­
ting the relationship between the two Pi terms, the remaining Pi 
terms were held constant. The relationship between q/C and mois­
ture content was essentially constant. For a given value of angle of 
internal friction and a given length-to-diameter ratio, q/C did not 
appear to be affected by variations in moisture content. 
Figure 38 is a plot of q/C vs. L/D . Since it had been 
established in Figure 37 that moisture content had little or no effect 
on q/C, it was not necessary to hold the moisture content Pi term 
constant. Therefore, data sets 22 through 25 (Table 6) were used to 
obtain the plotted points shown in Figure 38. It was not possible to 
establish any relationship between the variables q/C and L/D from 
this plot; therefore, it was assumed that q/C was not affected by 
changes in length-to-diameter ratio for the samples tested. 
Figure 39 shows the relationship between q/C and 0. Since 
variations in moisture content and L/D ratio had no effect on q/C, 
both of these Pi terms were allowed to vary in the data used to plot 
q/C vs. #. Data set 21 in Table 6 shows the numbers of the tests 
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Figure 37. Relationship of q/C and moisture content for triaxial 
tests 
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Table 6. Data sets used in triaxial dimensional analysis 
Set Tests Phi, degrees 
(Approx. Av. ) 
15 5, 21, 26, 27, 45, 48, 61, 64, 146, 
175, 180, 185, 203, 209, 210, 214 6 
16 8, 43, 84, 125, 182, 186, 204, 212, 
213 10 
17 12, 24, 46, 49, 50, 52, 81, 90, 97, 
98, 99, 100, 101, 102, 104, 107, 122, 
124, 178 16 
18 28, 44, 51, 63, 92, 108, 123, 145 20 
19 11, 31, 42, 53, 66, 70, 71, 72, 83, 85, 
103, 105, 106, 121, 147, 148, 176, 177, 
202, 312, 322, 332, 342 22 
20 13, 14, 15, 16, 17, 18, 32, 33, 34, 35, 
36, 67, 68, 69, 79, 80, 86, 87, 88, 89, 
352, 362 31 
21 7, 8, 11, 12, 13, 14, 15, 16, 17, 18, 
19, 21, 24, 26, 27, 28, 31, 32, 33, 34, 
35, 36, 42, 43, 44, 45, 46, 48, 49, 50, 
51, 52, 53, 54, 61, 63, 64, 65, 66, 67, 
68, 69, 70, 71, 72, 79, 80, 81, 82, 83, 
84, 85, 86, 87, 88, 89, 90, 92, 93, 94, 
96, 97, 98, 99, 100, 101, 102, 103, 104, 
105, 106, 115, 116, 117, 121, 122, 123, 
124, 125, 127, 128, 129, 131, 133, 134, 
139, 140, 145, 146, 151, 152, 155, 156, 
157, 158, 159, 160, 169, 171, 174, 177, 
178, 180, 182, 183, 185, 186, 202, 203, 
209, 210, 212, 213, 214, 312, 322, 332, 
342, 352, 362 variable 
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Table 6. (Continued) 
Set Tests Phi, degrees 
(Approx. Av.) 
22 101, 186, 204, 212, 213 10 
23 12, 24, 81, 97, 98, 99, 100, 102, 104, 
107, 117, 119, 120, 122, 124, 129, 138, 
142, 143, 144, 154, 158, 159, 162, 178 16 
24 11, 31, 66, 70, 71, 72, 83, 85, 115, 118, 
121, 128, 135, 136, 137, 139, 147, 148, 
153, 155, 156, 169, 177, 202, 312, 322, 
332, 342 23 
25 13. 14, 15, 16, 17, 18, 32, 33, 34, 35, 
36, 67, 68, 69, 79, 80, 86, 87, 88, 89, 
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Figure 39. Relationship of q/C and # for triaxial tests 
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Figure 39 illustrates a relationship that is of considerable 
significance. With reference to Figures 34, 35 and 36 it may be 
recalled that, in plotting the relationship of T vs. 0", sample size 
had an effect on the raw data obtained from the test. By comparison 
with Figure 39 the value of the dimensional analysis is clearly demon­
strated. Plotting the data in dimensionless form eliminates the effect 
of sample size and, as a result, all of the data points fall on a reason­
ably smooth curve. 
From the data plot it was a comparatively simple procedure 
(curvilinear regression) to determine the mathematical relationship 
between the variables involved. This relationship took the form 
q/C = 2.024 + 1.674 * + 2.075 $^ , (15) 
where 0 is expressed in radians. 
The unconfined compressive strength of the soil can be 
calculated from the equation 
2 
q = C( 2.024 + 1.674 0 + 2.075 0 ) . (16) 
Assuming that future tests on other soils will confirm the 
results of these tests, the use of the foregoing data reduction process 
and Equations 15 and 16 is proposed in the presentation of shear 
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strength data. These data would be independent of size effects and 
•would be more compatible than data presented in the conventional 
method. 
Further examination of Equation 16 revealed additional in­
teresting aspects of the results of the dimensional analysis. This 
equation implies that cohesion is not an isolated constant (as indi­
cated by the well-known Coulomb equation, T = C + C^tan 0) but 
also is inherently associated with $. Additional tests should be made 
in order to study this phenomenon and to verify this relationship. 
Penetrometer Tests 
Values of load and penetrometer tip depth were taken from 
the Dynograph chart records. The program for the IBM 360 computer 
shown in Figure 55, Appendix B, was used to convert these data to 
the desired dimensionless Pi terms. 
wAs in the case of the triaxial tests, the unconfined compres­
sive strength of the soil, q, was used as the basic value of shear 
strength. The resulting dependent Pi term was of the general form 
P/A q. Comparisons were made on the basis of tip base area and tip 
surface area. The independent Pi term was calculated in the following 
forms: (depth of penetration)/(tip length), Z/L; (depth)/(diameter). 
101 
Z/D; (depth)/(radius) , Z/R ; and (depth)/(circumference) , Z/C . 
Data for Z/D , Z/R and Z/C differed only in magnitude, and the 
shape of the plotted curves -was essentially the same. The curves of 
major interest were P/A^q or P/Agq vs. Z/L or Z/D ( where 
is base area and is surface area). Ultimately there was 
actually little difference in the shape of the curves; therefore, only the 
curves showing the relationship of P/A^q vs. Z/L were compared. 
Plotting the Pi terms P/A^q vs. Z/L on rectangular 
coordinate paper produced curves similar to that shown in Figure 40. 
The lower portion of the curve was associated with the initial entrance 
of the penetrometer tip into the soil. The subsequent portion of the 
curve resulted from increased loads applied to the full surface of the 
tip. For a soil of constant density there was (for a given penetrometer 
tip) a load at which the penetrometer continued to sink into the soil 
without additional load. The upper portion of the curve was plotted 
from data obtained in the region of this maximum load. 
Since the data analysis was directed toward the development 
of an equation for the determination of shear strength from penetro­
meter readings, various curve-fitting procedures were employed in 
order to develop the desired functional relationship. The general 
shape of the curve in Figure 40 suggested the application of a loga­
rithmic, reciprocal transformation of the data. Values of the term 
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Figure 40. Relationship of P/A q and Z/L for penetrometer tests 
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ln(P/A q)«(Z/L) were plotted against values of (Z/L) to produce 
the curves shown in Figures 41 through 49 (the symbol In indicates 
the natural logarithm). The relationship between the parameters 
ln( P/^g q )• ( Z/D ) and ( Z/D ) is sho'vvn in Figure 46 ( since 
L = 0, no value for Z/L exists for the flat circular tips 16, 17 and 
18). Linear regressions on the associated data produced the rela­
tionships shown with the theoretical curve in each figure. 
The general form of the relationship for all penetrometer 
tips was 
Y = a + bX (17) 
where Y = ln( P/A^q ). ( Z/L ) and X = Z/L. 
There was very little scatter in the transformed data for 
any tip shape, regardless of the tip size. The data for tips 1, 2 and 3 
(30-degree conical shape) responded well to the logarithmic recipro­
cal transformation; therefore, the theoretical curve and the associ­
ated equations for tips 1, 2 and 3 were used as an example in the 
development of the functional relationship. 
The equation of the curve was 
Y = 4. 792 X - 1.416 (18) 
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Figure 41. Relationship of In { P/A q ). ( Z/L ) and Z/L for 







Y= 4.728 X-1.500 6 
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Figure 42. Relationship of In ( P/A q ).( Z/L ) and Z/L for 








Y = 4.398 X~ 1.337 6 
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Figure 43. Relationship of In ( P/A q ). ( Z/L ) and Z/L for 
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Figure 44. Relationship of In ( PM q ). ( Z/L ) and Z/L for 
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Figure 45. Relationship of In ( P/A q ). ( Z/L ) and Z/L for 
tips 13, 14 and 15 ® 
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1 6  
cS  ^
Y = 4.144 X-0.154 




Figure 46. Relationship of In ( P / A  q  ) • (  Z / D  )  a n d  (  Z / D  )  f o r  
tips 16, 17 and 18 B 
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-Y= 4.060 X-0.617 
Tips 19, 20 and 21 (hemispherical shape) 
2 3 Z / L  
Figure 47. Relationship of In ( P/A q ).{ Z/L ) and Z/L for 
tips 19, 20 and 21 
I l l  
Tips 22, 23 and 24 (parabolic shape) 
Figure 48. Relationship of In ( P/A q ).( Z/L ) and Z/L for 
tips 22, 23 and 24 ® 
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Y= 5.232 X -2.034 




Figure 49. Relationship of In ( P/A_q )• ( Z/L ) and Z/L for 
tips 25, 26 and 27 
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Substituting these values in Equation 18 gave the relationship 
In ( PMgq).( Z/L ) = 4.792 ( Z/L ) - 1.416 (19) 
Bear ranging the terms in Equation 19 gave 
In ( PMgq ) = 








Taking logarithms of both sides of the equation gave 
1.416 
( PM^q) = e( 4.792 - Z/L ) . (22) 
Rearranging terms gave the following relationship 
q = 
B 
(4.792 - 1.416 L/Z) (23) 
q = (1.416 L/Z - 4.792) (24) 
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Equation 24 is one form of the equation for predicting une on-
fined compressive strength of the soil from penetrometer load-depth 
data. 
In order to ascertain the degree of accuracy of the relation­
ship, penetrometer test data for load and depth were used in Equation 
24 to determine theoretical values for q . The resulting values of 
q were compared with the measured values from the unconfined 
compressive strength test (Table 7). The average error in predicted 
values of q over the 49 tests included in the comparison (for all three 
tips in two soil conditions) was of the order of 6.5 per cent. Using 
data for a single size and shape tip should provide a relationship that 
would predict the value of q with greater accuracy. Also, where 
the-value of ln( P/Aj^q ).( Z/L ) is less than 1, and, in the area 
where this value is a maximum, the associated data points should 
be excluded from the analysis. Data at these extremes produced the 
largest deviations between the actual and theoretical values of q . 
Wire Soil Shearing Tests 
A computer program (shown in Appendix B) similar to that 
used in the penetrometer test data reduction was employed in the 
analysis. The resulting data from the wire soil shearing tests were 
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Table 7. Comparison of measured and theoretical values of 
unconfined compressive strength, q 
Tip No. Load, Depth, q, Measured q. Theoretical 
lb. in. lb./sq. in. lb./sq. in. 
10 0. 500 6.000 5.967 
20 0.680 6.000 5.890 
30 0. 830 6.000 6.198 
40 0. 908 6.000 7. 198 
50 1.200 6.000 6.294 
20 0.660 6.000 8.094 
30 0.950 6.000 4.579 
40 1.000 6.000 5.464 
50 1.080 6.000 5.842 
60 1.220 6.000 5.604 
70 1.268 6.000 6. 124 
80 1. 368 6.000 6.197 
90 1.536 6.000 5.890 
100 1.690 6.000 5. 775 
20 0. 756 6.000 7.059 
30 0.840 6.000 7. 441 
40 0. 980 6. 000 6.304 
50 1. 100 6.000 . 5.857 
60 1.200 6.000 5. 743 
70 1. 300 6.000 5.647 
80 1.480 6.000 5.029 
90 1. 520 6.000 5.396 
100 1. 780 6.000 4. 640 
110 1. 770 6.000 5. 148 
120 1. 950 6.000 4.887 
130 2.000 6.000 5. 116 
135 2. 060 6.000 5. 110 
140 2.070 6.000 5.266 
h -
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Table 7. (Continued) 
Tip No. Load, Depth, q, Measured q. Theoretical 
lb. in. lb. /sq. in. lb. /sq. in. 
10 0. 680 2.984 2.945 
15 0. 772 2.984 3.497 
20 0.896 2.984 3.671 
30 1. 108 2.984 4. 141 
10 0. 732 2.984 2.956 
20 1. 000 2.984 2. 732 
30 1.216 2.984 2.818 
40 1.292 2.984 3. 393 
50 1.488 2.984 3.421 
55 1. 688 2.984 3. 181 
60 2.012 2.984 2.838 
10 0. 760 2.984 3.464 
20 1.024 2.984 2.804 
30 1.268 2.984 2.549 
40 1.368 2.984 2. 914 
50 1.448 2.984 3.271 
60 1. 680 2. 984 3. 044 
70 1. 920 2.984 2, 912 
85 2. 080 2. 984 3. 178 
90 1. 940 2.984 3.691 
95 2.450 2.984 2. 927 
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similar to the penetrometer test data. 
Again, the unconfined compressive strength was used in the 
dependent Pi term, P/uA q . Comparisons of the wires were made 
on the basis of wire diameter. The areas used in the independent Pi 
terms were A , cross-sectional area, and A , contact surface Co W 
area. The curves plotted using cross-sectional area more closely 
approximated each other than did those in which contact surface area 
was used. 
The logarithmic reciprocal transformation was applied to 
the data as was done in the penetrometer data analysis. Figure 50 
shows a plot of ln( P/A q). ( Z/L) vs. Z/L for the 0. 031, 0.041 Co 
and 0. 051 inch diameter wires at two different soil densities. Data 
obtained from the 0.020 inch diameter wire tests were not sufficient 
to be used in the analysis; therefore, no curve of these data appears 
in the figure. 
The curves associated with the 0. 031 and 0. 041 inch diam­
eter wires were in relatively close agreement, and, in this case, the 
modeling concept apparently held. However, the curve for the 0.051 
inch diameter wire deviated from those of the 0.031 and 0.041 inch 
diameter wires. No explanation for this deviation was immediately 
apparent. Additional tests should be made in other soils in order to 
obtain sufficient data for a thorough study of the phenomena involved. 
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0.041 4.664 X-0.0267 
0.031 4.684 X-0.0379 
0.051 Y = 4.287 X-0.0233 1.0 
0.8 
0.2 
0.05 0.10 0.15 0.20 0.25 
Figure 50. Relationship of In ( P/A^gq ). ( Z/L ) and Z/L for 
wire soil shearing tests 
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Since the -wire soil shearing tests were somewhat in the nature of 
preliminary exploratory investigations, fewer tests were made than 
were made with the penetrometers. 
The wire shear device could be used in a manner similar 
to that employed with the penetrometer for the determination of 
unconfined compressive strength of the soil. Using the 0.041 inch 
diameter wire, for example, it may be seen from Figure 50 that 
a linear regression on the data points produced the following equa­
tion. 
ln(PM^gq).(Z/L) = 4.664(Z/L) - 0.0267 . (25) 
Rearranging Equation 25 gave the following equation for calculation 
of unconfined compressive strength of the soil 
g (0.0267 L/Z - 4.664) ^^6) 
Similar equations could be developed for the other wire sizes. 
The same recommendation is made for the wire shear 
tests as was made for the penetrometer tests -- that is, values of 
ln( P/A q ). ( Z/L ) less than 0. 1 and those observed near the 
cs 
point at which the wire continued to sink without additional load 
should be excluded from the analysis. 
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SUMMARY 
Studies were made on three methods of, measurement of soil 
shear strength -- 1) a triaxial testing device, 2) a penetrometer de­
vice using a number of penetrometer tips and 3) a wire soil shearing 
device. The principles of dimensional analysis and similitude were 
employed in the design and execution of the experiments and in the 
analysis of the results. 
The primary objective of the triaxial experiments was to 
determine the effect of sample size on triaxial shear test data. It 
was determined that, for Luton Silty Clay soil, over the range of 
conditions tested, sample size had an effect on the resulting values 
of cohesion and angle of internal friction. A number of length-to-
diameter ratios were tested, and the test data showed that, as long 
as the L/D ratio was 2 to 1 or greater, there was no appreciable 
effect of difference in L/D. Plots of Pi terms from the dimensional 
analysis showed essentially no correlation between q/C and moisture 
content or q/C and L/D . However, a functional relationship was 
established between q/C and $ . This relationship took the form 
q = C ( 2. 024 + 1. 674 0 + 2. 075 0^ ) , (15) 
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(•where # is expressed in radians) and was shown to be valid regard­
less of the values of sample size, moisture content and L/D . 
In the penetrometer tests, 27 different penetrometer tips 
•were tested in Luton Silty Clay soil. Dimensional analysis and simil­
itude principles were also employed in the penetrometer experiments. 
The data analysis resulted in the development of a functional relation­
ship between the Pi terms employed. 
For all tips tested the relationship took the general form 
Y = a + bX (17) 
where Y = In ( P/Ag q ). ( Z/L ) , and X = Z/L . 
One phase of the tests was designed to determine the effect 
of tip size on penetrometer data. For each shape tested it was found 
that the criterion that was upheld. Therefore, the only 
apparent effect of variation of tip size was in the magnitude of the 
penetrometer load-depth readings. The functional relationship was 
unchanged. 
The second phase of the tests was designed to develop an 
equation to determine soil shear strength from penetrometer load-
depth readings. Individual equations were developed for each of the 
tip shapes investigated. 
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For the 30 degree conical tip the relationship was 
l n (  P / A g  q ) . (  Z / L )  =  4 . 7 9 2  ( Z / L )  -  1 . 4 1 6  





(1.416 L/Z - 4.792) (24) 
The unconfined compressive strength, q, of the soil can 
be calculated when the appropriate values of penetrometer tip depth 
and load are substituted into the above equation. 
Four wire diameters (0.020, 0.031, 0.041 and 0.051 inch) 
were used in the wire shear tests. A relationship similar to that 
for the penetrometers was developed between the Pi terms. 
The resulting relationship for the 0.041 inch diameter wire 
was 
l n (  P M ^ g q ) . (  Z / L )  =  4 .  6 6 4  ( Z / L )  -  0 . 0 2 6 7  .  ( 2 5 )  
By rearrangement of the above equation soil shear strength 




(0.0267 L/Z - 4.664) (26) 
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CONCLUSIONS 
The following conclusions were drawn from an analysis of 
three separate series of tests. 
Triaxial Tests 
1. An analysis of the triaxial test data from remolded 
samples of Luton Silty Clay soil showed that cohesion and angle of in­
ternal friction were affected by sample size. No definite trend was 
established for the change in measured values of cohesion with a 
change in sample size. With regard to the angle of internal friction, 
the trend was toward an increase in angle of internal friction with an 
increase in sample diameter. 
2. The application of dimensional analysis to the triaxial 
data eliminated the sample size effect. 
3. A functional relationship was developed between the 
dimensionless parameters q/C , (unconfined compressive strength)/ 
(cohesion) , and 0, the angle of internal shearing resistance. The 
relationship was shown to be valid regardless of sample size, mois­
ture content and sample length-to-diameter ratio. 
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Penetrometer Tests 
1. Application of a logarithmic reciprocal transformation 
to the penetrometer data for each tip produced a linear relationship 
of the general form 
In ( PMg q ). ( Z/L ) = a + b ( Z/L ) . 
An equation of this form was developed for each tip shape tested. By-
rearranging the above equation, a relationship was developed (for 
each tip configuration) to predict the un confined compressive strength 
of the soil from penetrometer load-depth readings. 
2. For any given tip shape, penetrometer tip size had no 
effect on the transformed data (i. e., both model and prototype tips 
conformed to the theoretical relationship). 
Wire Shear Tests 
1. A relationship similar to that for the penetrometers was 
developed for each of the wires tested. An equation was developed to 
determine unconfined compressive strength from wire shear data. 
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SUGGESTIONS FOR FUTURE RESEARCH 
In the triaxial tests certain limitations -were imposed due to 
the relatively low load capacity of the testing device. Testing triaxial 
samples at higher values of minor principal stress should provide 
more reliable data for the determination of angle of internal shearing 
resistance, cohesion, etc. 
Also, the physical dimensions of the triaxial device limited 
the maximum sample length to approximately 5. 75 inches. This, in 
turn, limited the specimen diameter to less than 3 inches (to maintain 
the specified L/D ratios). Similar tests on larger diameter samples 
are needed for verification of the results of this research. Also it 
•would be of interest to obtain data from triaxial tests made by other 
researchers and to make comparisons by application of the techniques 
developed in this research. Additional data are needed to verify the 
relationship established between q , C , and 0 . 
Since only one soil was used in these investigations, addi­
tional tests should be conducted, using other soils, in order to test 
the validity of the equations developed from these tests. 
The same recommendations are made regarding the penetro­
meter and wire soil shearing tests. These experiments should be 
repeated with other soils to verify the relationships established in 
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the tests on Luton soil. 
Difficulties -were experienced in obtaining constant density 
throughout the full depth of the soil bins with the soil fitting equipment 
used in these experiments. Also there was a density gradient toward 
the ends of the soil bin. Improvements in the method of soil fitting 
would facilitate obtaining consistent laboratory data, 
All penetrometer and wire shear tests were conducted in the 
soil bins in the laboratory. Similar tests should be conducted in field 
soils, 'in situ', for verification of the laboratory work. 
For future tests the method of loading the penetration device 
should be altered to permit application of loads from 0 to 10 pounds 
(the present weight of the load platform, load ring and penetrometer 
rod). In addition, provision should be made to facilitate application 
of loads above 100 pounds. 
Information obtained in the penetrometer and wire soil 
shearing tests at loads near maximum indicated the necessity for 
further data in this load range. More extensive tests should be made, 
and smaller increments of load should be applied in the region of 
maximum allowable load on a given penetrometer tip or wire. 
Test data collected in the wire shear experiments were not 
sufficient for a thorough analysis of this device. Due to the inability 
to apply small loads, no usable data were obtained for the 0.020 inch 
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diameter wire. In addition to the tests on small diameter wires, 
tests should be conducted using wires of the same diameter and the 
same L/D ratios pulled through the soil horizontally. Tests should 
be conducted on wires of larger diameter than 0. 051 inch in order 
to determine the extent of the deviation of the data associated with 
increases in wire diameter. 
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Appendix A .  Experimental Data 
TRIAXIAL SHEAR TEST DATA 
TEST NOMINAL DRY UNCONFINEO COHESION, PI-1 PI-2 Pl-3 PI-4 
NO. DIAMETER, DENSITY, COMP. STR., Sl/C MOIS.CON . PHI, L/D 
INCHES LB/CU FT LB / SQ IN LB/SQ IN PERCENT DEGREES 
5. 1.0 86.797 79.097 32.471 2.436 17.595 7.515 2.047 
7. 1.5 76.975 23.484 11.879 1.977 20.514 0.148 2.021 
8, 1.5 76.975 27.898 11.229 2.484 20.514 10.214 2.021 
11. 1.5 84.158 50.929 16.973 3.001 19.845 22.778 2.021 
12. 1.5 84.158 51.722 19.675 2.629 19.845 15.893 2.021 
13. 2.0 77.145 24.388 6.889 3.540 19.576 31.908 2.003 
14. 2.0 77.145 26.225 7. 174 3.655 19.576 33.271 2.003 
15. 2.0 81.255 40.857 11.152 3.664 •19.299 32.156 2.003 
16. 2.0 81.255 37.373 10.371 3.604 19.299 32.340 2.003 
17. 2.0 85.417 62.205 18.357 3.389 18.811 28.263 2.003 
18. 2.0 85.417 54.857 14.718 3.727 18.811 33.776 2.003 
19. 1.0 76.518 33.060 16.065 2.058 20.365 3.504 2.047 
21. 1.0 79.844 39.548 17.983 2.199 21.225 4.114 2.047 
24. 1.0 85.573 61.300 23.977 2.557 19.622 14.989 2.047 
26. 1.5 77.204 35.254 14.868 2.371 20.819 7.300 2.021 
27. 1.5 80.836 48.213 21.924 2. 199 20.758 6.059 2.021 
28. 1.5 80.836 41.309 14.450 2.859 20.758 20.203 2.021 
31. 2.0 81.331 40.224 13.500 2.980 18.914 23.955 2.003 
32. 2.0 81.331 38.640 10.473 3.689 18.914 33.697 2.003 
33. 2.0 82.951 48.459 13.993 3.463 19.054 30.414 2.003 
34. 2.0 , 82.951 42.758 11.291 3.787 19.054 33.468 2.003 
35. 2.0 85.987 46.052 11.143 4.133 20.570 39.270 2.003 
36. 2.0 85.987 56.123 14.245 3.940 20.570 37.271 2.003 
312. 2.0 77.954 33.003 11.510 2.867 20.964 21.355 2.003 
322. 2.0 77.954 34.143 11.236 3.039 20.964 23.262 2.003 
Figure 51. Triaxial shear test data 
TRIAXIAL SHEAR TEST DATA 
TEST NOMINAL DRY UNCONFINEO COHESION, PI-l PI-2 PI-3 PI-4 
NO. DIAMETER, DENSITY, ,COMP. STR., Sl/C MOIS.CON . PHI, L/D 
INCHES LR/CU FT LB / SO IN LB/SO IN PERCENT DEGREES 
332. 2.0 82.120 45.292 14.395 3.146 21.009 25.468 2.003 
342. 2.0 82.120 51.309 16.459 3.117 21.009 23.955 2.003 
352. 2.0 85.537 60.653 18.787 3.228 21.669 27.080 2.003 
362. 2.0 85.537 61.761 18.826 3.281 21.669 27.630 2.003 
42. 1.0 82.359 42.267 12.646 3.342 23.189 25.014 2.047 
43. 1.5 77.155 28.011 12.481 2.244 23.902 8.517 2.021 
44. 1.5 77.155 29.709 10.399 2.857 23.902 19.511 2.021 
45. 1.5 81.672 39.046 18.322 2.131 23.101 3.917 2.021 
46. 1.5 81.672 37.461 14.030 2.670 23.101 15.800 2.021 
47. 1.5 85.427 46.685 22.548 2.071 24.292 2.195 2.021 
48. 1.5 85.427 44.705 19.950 2.241 24.292 6.737 2.021 
49. 2.0 77.566 21.854 8.300 2.633 24.480 18.085 2.003 
50. 2.0 77.566 24.704 9.497 2.601 24.480 15.832 2.003 
51. 2.0 81.184 30.342 10.913 2.780 24.973 18.860 2.003 
52. 2.0 81.184 30.596 11.933 2.564 24.973 15.058 2.003 
53. 2.0 85.896 46.052 15.598 2.952 23.996 22.009 2.003 
54. 2.0 85.896 46.875 20.744 2.260 23.996 7.500 2.003 
61. 1.5 76.931 40.800 17.787 2.294 20.029 6.970 2.021 
63. 1.5 80.846 55.004 19.068 2.885 20.118 20.281 2.021 
64. 1.5 80.846 53.306 2 3.990 2.222 20.118 6.870 2.021 
65. 1.5 85.159 69.943 34.843 2.007 19.797 0.021 2.021 
66 . 1.5 85.159 69.490 23.369 2.974 19.797 22.357 2.021 
67. 2.0 77.751 39.400 11.638 3.386 19.286 29.073 2.003 
68. 2.0 77.751 38.007 11.998 3. 168 19.286 26.638 2.003 
69. 2.0 82.082 54.477 15.913 3.423 18.833 29.587 2.003 
Figure 51. (Continued) 
TRIAXIAL SHEAR TEST DATA 
TEST NOMINAL DRY UNCONFINEO COHESION, PI-1 PI-2 PI-3 PI-4 
NO. DIAMETER, DENSITY, COMP. STR., Sl/C MO IS.CON . PHI, L/D 
INCHES LB/CU FT LB / SQ IN LB/SQ IN PERCENT DEGREES 
70. 2.0 82.082 53.210 17.446 3.050 18.833 24.138 2.003 
71. 2.0 86.017 74.113 24.511 3.024 18.797 23.395 2.003 
72. 2.0 86.017 75.222 25,737 2.923 18.797 21.366 2.003 
79. 1.5 78.225 37.688 11.769 3.202 20.406 26.033 2.021 
80. 1.5 78.225 36.669 11.284 3.250 20.406 26.825 2.021 
81. 1.5 82.240 53.193 19.323 2.753 20.573 18.168 2.021 
82. 1.5 82.240 55.117 24.209 2.277 20.573 7.658 2.021 
83. 1.5 86.227 68.019 21.841 3.114 20.524 24.028 2.021 
84. 1.5 86.227 71.301 29.283 2.435 20.524 10.765 2.021 
85. 2.0 78.448 40.034 13.862 2.888 20.224 21.189 2.003 
86. 2.0 78.448 35.473 10.479 3.385 20.224 28.502 2.003 
87. 2.0 82.715 49.726 15.081 3.297 19.950 28.128 2.003 
88. 2.0 82.715 48.775 13.023 3.745 19.950 33.640 2.003 
89. 2.0 86.979 70.471 19.527 3.609 19.607 32.125 2.003 
90. 2.0 86.979 80.448 32.711 2.459 19.607 12.760 2.003 
92. 1.0 77.423 40.661 14.561 2.792 21.528 19.386 1.969 
93. 1.0 81.572 48.199 20.750 2.323 21.527 8.216 1.969 
94. 1.0 81.572 52.525 21.688 2.422 21.527 10.531 1.969 
96. 1.0 85.531 67.726 31.856 2.126 21.574 3.380 1.969 
97. 1.5 77.445 38.480 14.635 2.629 21.771 15.705 2.000 
98. 1.5 77.445 37.575 14.055 2.673 21.771 16.585 2.000 
99. 1.5 81.174 47.761 18.176 2.628 22.101 16.126 2.000 
100. 1.5 81.174 44.818 17.713 2.530 22.101 13.070 2.000 
101. 1.5 85.067 57.494 22.987 2.501 22.222 12.754 2.000 
102. 1.5 85-067 57.494 21.657 2.655 22.222 16.219 2.000 
Figure 51. (Continued) 
TRIAXIAL SHEAR TEST DATA 
TEST NOMINAL DRY UNCONFINED COHESION, PI-1 PI-2 PI-3 PI-4 
NO. DIAMETER, DENSITY, COMP. STR., Sl/C MOIS.CON . PHI, L/D 
INCHES L8/CU FT LB / SO IN LB/SQ IN PERCENT DEGREES 
103. 2.0 76.726 28.315 9.595 2.951 22.349 20.979 1.995 
104. 2.0 76.726 27.935 10.425 2.680 22.349 17.529 1.995 
105. 2.0 80.694 36.740 12.501 2.939 22.280 21.417 I .995 
106. 2.0 80.694 36.423 12.353 2.949 22.280 21.520 1.995 
107. 2.0 84.392 45.988 18.121 2.538 22.455 13.693 1.995 
108. 2.0 84.392 44.341 15.886 2.791 22.455 18.907 1.995 
115. 1.0 78.141 31.515 10.283 3.065 19.747 23.853 4.002 
116. 1.0 78.141 31.021 9.704 3.197 19.747 25.985 4.002 
117. 1.0 82.028 44.492 16.556 2.687 19.582 16.924 4.002 
118. 1.0 82.028 48.941 16.764 2.919 19.582 21.044 4.002 
119. 1.0 86.036 64.513 23.761 2.715 19.414 17.600 4.002 
120. 1.0 86.036 59.075 23.078 2.560 19.414 14.126 4.002 
121. 1.0 78.520 45.233 14.082 3.212 19.951 25.488 1.969 
122. 1.0 78.520 48.199 18.411 2.618 19.951 14.776 1.969 
123. 1.0 83.042 62.783 21.905 2.866 19.347 19.518 1.969 
124. 1.0 83.042 64,266 24.001 2.678 19.347 15.925 1.969 
125. 1.0 86.099 71.063 29.811 2.384 20.608 9.890 1.969 
127. 1.0 78.414 38.065 14.038 2.712 20.299 18.257 2.459 
128. 1.0 78.414 37.942 13.110 2.894 20.299 21.003 2.459 
129. 1.0 83.025 52.031 20.676 2.516 19.526 13.060 2.459 
131. 1.0 86.064 65.008 29.662 2. 192 20.719 4.672 2.459 
133. 1.0 78.400 31.515 9.064 3.477 20.086 29.800 3.286 
134. 1.0 78.400 35.841 10.658 3.363 20.086 28.538 3.286 
135. 1.0 83.071 49.188 16.060 3.063 19.368 23.889 3.286 
136. 1.0 83.071 44.492 14.591 3.049 19.368 23.672 3.286 
Figure 51. ( Continued) 
. TRIAXIAL SHEAR TEST DATA 
TEST NOMINAL DRY UNCONFINED COHESION, PI-1 PI-2 PI-3 PI-4 
NO. DIAMETER, DENSITY, CÛMP. STR., Sl/C MOIS.CON . PHI, L/D 
INCHES L8/CU FT LB / SQ IN LB/SQ IN PERCENT DEGREES 
137. 1.0 85.968 54.379 18.908 2.876 20.715 20.546 3.286 
138. 1.0 85.968 55.862 19.994 2.794 20.715 18.533 3-286 
139. 1.0 78.589 37.077 12.039 3.080 19.905 23.889 3.941 
140. 1.0 78.589 36.459 11.317 3.222 19.905 26.245 3.941 
141. 1.0 83.280 41.526 12.971 3.201 19.116 25.622 3.941 
142. 1.0 83.280 52.154 18.737 2.783 19.116 17.789 3.941 
143. 1.0 86.061 49.435 17.859 2.768 20.628 18.164 3.941 
144. 1.0 86.061 49.312 19.165 2.573 20.628 14.399 3.941 
145. 1.5 78.390 41.932 13.972 3.001 20.286 20.378 2.000 
146. 1.5 78.390 42.102 18.537 2.271 20.286 6.264 2.000 
147. 1.5 82.994 64.850 21.453 3.023 19.015 23.496 2.000 
148. 1.5 82.994 62.700 19.901 3.151 19.015 25.085 2.000 
151 . 1.5 78.057 35.651 10.816 3.296 20.717 27.588 2.505 
152. 1.5 78.057 39.272 11.714 3.353 20.717 27.973 2.505 
153. 1.5 82.952 58.399 20.533 2.844 19.127 20.666 2.505 
154. 1.5 82.952 54.438 20.270 2.686 19.127 17.169 2.505 
155. 1.5 86.057 55.457 18.870 2.939 20.670 21.417 2.505 
156. 1.5 86.057 57.720 19.789 2.917 20.670 20.666 2.505 
157. 1.5 77.886 38.933 15.322 2.541 20.291 12.647 3.335 
158. 1.5 77.886 33.727 12.806 2.634 20.291 15.753 3.335 
159, 1.5 82.457 47.534 17.172 2.768 19.910 18.168 3.335 
160. 1.5 82.457 52.061 18.495 2.815 19.910 19.810 3.335 
162. 1.5 85.959 53.985 20.590 2.622 20.590 14.939 3.335 
169. 2.0 76.396 29.930 9.804 3.053 20.622 24.001 2.541 
171. 2.0 80.423 38.830 9.462 4.104 20.467 37.539 2.541 
Figure 51. (Continued) 
TRIAXIAL SHEAR TEST DATA 
TEST NOMINAL DRY UNCONFINED COHESION, PI-1 PI-2 PI-3 PI-4 
NO. DIAMETER, DENSITY, COMP. STR., Sl/C MO IS.CON . PHI, L/0 
INCHES LB/CU FT LB / SQ IN L8/SQ IN PERCENT DEGREES 
174. 2.0 84.232 49.599 13.265 3.739 20.633 33.878 2.541 
175. 1.0 82.680 63.648 29.059 2.190 17.990 4.908 1.969 
176. 1.0 82.680 69.457 22.681 3.062 17.990 22.703 1 .969 
177. 1.0 85.092 70.445 23.200 3.036 20.264 21.770 1.969 
178. 1.0 85.092 73.164 26.813 2.729 20.264 17.600 1.969 
180. 1.0 80.236 38.930 17.470 2.228 21.554 6.280 1.969 
182. 1.0 86.355 59.075 23.989 2.463 21.478 11.827 1.969 
183. 1.0 79.466 20.661 13.887 2.136 22.731 2.880 1.969 
185. 1.0 86.330 51.660 23.737 2.176 21.539 4.514 1.969 
186. 1.0 86.330 51.042 20.202 2.527 21.539 12.126 1.969 
202. 1.5 78.272 39.385 12.267 3.211 18.594 23.863 2.000 
203. 1.5 86.388 52.061 23.469 2.218 22.4^41 6.670 2.000 
204. 1.5 86.388 47.308 20.370 2.322 22.441 8.735 2.000 
209. 2.0 77.982 30.239 13.576 2.227 23.018 6.903 2.000 
210. 2.0 77.982 29.762 13.230 2.250 23.018 7.183 2.000 
212. 2.0 82.390 40.266 17.214 2.339 22.416 8.448 2.000 
213. 2.0 86.565 52.998 22.612 2.344 22.188 9.145 2.000 
214. 2.0 86.565 55.067 25.142 2.190 22.188 5.757 2.000 
Figure 51. (Continued) 
TRIAXIAL SHEAR TEST DATA 
TEST NOMINAL DRY UNCONFINED COHESION, PI-1 PI-2 PI-3 PI-4 
NO. DIAMETER, DENSITY, COMP. STR., Sl/C MOIS.CON. PHI, L/D 
INCHES LB/CU FT LB / SQ IN LB/SQ IN PERCENT DEGREES 
1. 1.0 78.030 36.459 26 » 646 1.368 18.787 * * * * *  2.047 
2. 1.0 78.030 36.088 110.009 0.328 18.787 * * * * *  2.047 
3. 1.0 82.325 38.621 12.039 3.080 17.379 * * * * *  2.047 
4. 1.0 82.325 42.823 54.548 0.785 17.379 * * * * *  2.047 
6. 1.0 86.797 93.927 12.971 3.201 17.595 * * * * *  2.047 
9. 1.5 81.881 47.930 27.267 1.758 19.460 * * * * *  2.021 
10. 1.5 81.881 49.515 30.755 1 .610 19.460 * * * * *  2.021 
20. 1.0 76.518 35.532 19.165 2.573 20.365 * * * * *  2.047 
22. 1.0 79.844 50.980 13.972 3.001 21.225 * * * * *  2.047 
23. 1.0 85.573 57.160 32.562 1.755 19.622 * * * * *  2.047 
25. 1.5 77.204 32.425 54.389 0.596 20.819 * * * * *  2.021 
29. 1.5 87.345 76.960 83.835 0.918 19.511 * * * * *  2.021 
30. 1.5 87.345 72.999 10.816 3.296 19.511 * * * * *  2.021 
37. 1.0 76.320 27.807 18.737 1.484 24.031 *  * * * *  2.047 
38. 1.0 76.320 27.807 30.499 0.912 24.031 * * * * *  2.047 
39. 1.0 79.399 39.857 48.714 0.818 22.217 * * * * *  2.047 
40. 1.0 79.399 43.565 70.129 0.621 22.217 * * * * *  2.047 
55. 1.0 77.144 46.222 24.786 1.865 19.682 * * * * *  2.047 
56. 1.0 77.144 47.334 91.194 0.519 19.682 * * * * *  2.047 
57. 1.0 80.769 74.771 12.806 2.634 19.668 * * * * *  2.047 
58. 1.0 80.769 67.726 17.172 2.768 19.668 * * * * *  2.047 
59. 1.0 85.844 92.321 18.495 2.815 19.587 * * * * * .  2.047 
60. 1.0 85.844 79.715 20.590 2.622 19.587 * * * * *  2.047 
62. 1.5 76.931 44.761 34.199 1.309 20.029 * * * * *  2.021 
73. 1.0 78.157 53.452 65.868 0.812 19.812 * * * * *  2.047 
Figure 51. (Continued) 
TRIAXIAL SHEAR TEST DATA 
TEST NOMINAL DRY UNCONFINED COHESION, PI-1 PI-2 PI-3 PI-4 
NO. DIAMETER, DENSITY, COMP. STR., Sl/C MOIS.CON . PHI, L/D 
INCHES LB/CU FT LB / SQ IN LB/SQ IN PERCENT DEGREES 
74. 1.0 78.157 51.413 13.265 3.739 19.812 * * * * *  2.047 
75. 1.0 83.287 76.007 29.059 2.190 20.022 * * * * *  2.047 
77. 1.0 85.530 91.455 22.681 3.062 20.132 * * * * *  2.047 
78. 1.0 85.530 86.141 59.741 1.442 20.132 * * * * *  2.047 
91. 1.0 77.423 42.329 22.037 1.921 21.528 * * * * *  1.969 
95. 1.0 85.531 67.974 39.023 1.742 21.574 * * * * *  1.969 
109. 1.0 78.658 54.132 .23.989 2.463 19.941 * * * * *  2.047 
110. 1.0 78.658 47.952 27.538 1.741 19.941 * * * * *  2.047 
111. 1.0 80.926 67.974 100.925 0.674 22.963 * * * * *  2.047 
112. 1.0 80.926 73.288 40.060 1.829 22.963 * * * * *  2.047 
113. 1-0 86.921 97.264 12.267 3.211 19.357 * * * * *  2.047 
114. 1.0 86.921 87.377 56.730 1.540 19.357 * * * * *  2.047 
126. 1.0 86.099 75.760 46.603 1.626 20.608 * * * * *  1.969 
130. 1.0 83.025 55.738 29.156 1.912 19.526 * * * * *  2.459 
132. 1.0 86.064 66.614 36.926 1.804 20.719 * * * * *  2.459 
149. 1.5 85.905 70.735 43.773 1.616 20.913 * * * * *  2.000 
161. 1.5 85.959 72.433 39.398 1.839 20.590 * * * * *  3.335 
163. 2.0 75.858 32.052 21.351 1.501 20.890 * * * * *  2.040 
164. 2.0 75.858 32.686 24.344 1.343 20.890 * * * * *  2.040 
165. 2.0 79.854 45.608 40.887 1.115 20.740 * * * * *  2.040 
166. 2.0 79.854 48.142 40.381 1.192 20.740 * * * * *  2.040 
167. 2.0 83.727 55.268 43.730 1.264 20.779 * * * * *  2.040 
168. 2.0 83.727 58.752 38.295 1.534 20.779 * * * * *  2.040 
179. 1.0 80.236 38.312 21.109 1.815 21.554 * * * * *  1.969 
181. 1.0 86.355 72.546 41.056 1.767 21.478 *  * * * *  1.969 
Figure 51. (Continued) 
TRIAXIAL SHEAR TEST DATA 
TEST NOMINAL DRY UNCONFINEO COHESION, PI-1 PI-2 PI-3 PI-4 
NO. DIAMETER, DENSITY, COMP. STR., Sl/C MOIS.CON. PHI , L/D 
INCHES LB/CU FT LB / SQ IN LB/SQ IN PERCENT DEGREES / 
184. 1.0 79.466 32.380 16.952 1.910 22.731 * * * * *  1.969 
187. 1.0 78.260 37.324 19.090 1.955 22.548 * * * * *  1.969 
188. 1,0 78.260 36.211 19.470 1.860 22.548 * * * * *  1.969 
189. 1.0 86.351 51.413 36.166 1.422 22.493 * * * * *  1.969 
190. 1.0 86.351 51.289 28.142 1.823 22.493 * * * * *  1.969 
201. 1.5 78.272 43.573 25.639 1.699 18.594 * * * * *  2.000 
211. 2.0 82.390 40.584 20.085 2.021 22.416 * * * * *  2.000 
Figure 51. (Continued) 
PENETROMETER TEST DATA 
TIP TIP P. z ,  T, PIl-1 PI 1-2 PI2-1 PI 2-2 PI2-3 PI2-4 
NO. SHAPE LOAD, DEPTH, COM.ST. P/A(B)T P/A(S)T Z/L Z/C Z/R Z/C 
LB. IN. PSI 
CCN30 10.0 0.500 6.00 8.321 2.162 C.531 0.990 1.980 0.315 
CCN30 20.0 0 .680 6.00 16.642 4.323 0.722 1.347 2.693 0.429 
CGN30 30.0 0.830 6.00 24.963 6.485 0.881 1.644 3.287 0.523 
C0N30 40.0 0.908 6.00 33.284 8.647 0.964 1.798 3.596 0.572 
CCN30 50.0 1.200 6.00 41.605 10.80 8 1.274 2.376 4.752 0.756 
2. CCN30 10.0 0.350 6.00 3.332 0.867 0.235 0.439 0.877 0.140 
2. CGN30 20.0 0.660 6.00 6.665 1.734 1 0.443 0.827 1.654 0.263 
2. CGN30 30.0 0.950 6.00 9.997 2.601 0.638 1.190 2.381 0.379 
2. CGN30 40.0 1.000 6.00 13.329 3.469 G.672 1.253 2.506 0.399 
2. CCN3C 50.0 1.080 6.00 16.662 4.336 0.725 1.353 2.707 0.431 
2. CCN30 60.0 1.220 6.00 19.994 5.203 0.819 1.529 3.058 0.487 
2. CCN30 70.0 1.268 6.00 23.327 6.070 0.852 1.589 3.178 0.506 
2. CCN3 0 80.0 1.368 6.00 26.659 6.937 0.919 1.714 3.429 0.546 
2. CCN30 90.0 1.536 6.00 29.991 7.8C4 1.032 1.925 3.850 0.613 
2. C0N30 100.0 1.690 6.00 3 3.324 8.672 I. 135 2.118 4.236 0.674 
3. C0N30 10.0 0.452 6.00 2.084 0.539 0.240 0.448 0.896 0.143 
3 .  CGN3 0 20.0 0.756 6.00 4.169 1.079 0.401 0.749 1.499 0.238 
3 .  CGN30 30.0 0.840 6.00 6.253 1.618 0.446 0.833 1.665 0.265 
3. CGN3 0 40.0 0.980 6.00 8.337 2. 157, 0.520 0.971 1.943 0.309 
3. CCN3 0 50.0 1. 100 6.00 1C.422 2.697 0.584 1.C90 2. 180 0.347 
3. CCN30 60.0 1.200 6.00 12.506 3.236 0.637 1.189 2.379 0.379 
3. CGN30 70.0 1.300 6.00 14.591 3.776 0.690 1.288 2.577 0.410 
3. CCN30 80.0 1.480 6.00 16.675 4.315 0.786 1.467 2.934 0.467 
3. CGN30 90.0 1.520 6.00 18.759 4.854 0.807 1.506 3.013 0.480 
3. CGN30 100.0 1.780 6.00 20.844 5.394 0.945 1.764 3.528 0.562 
Figure 52, Penetrometer test data 
PENETROMETER TEST DATA 
IP TIP P, z .  T, PI 1-1 PI 1-2 PI2-1 PI2-2 PI2-3 PI2-4 
0. SHAPE LOAD, DEPTH, COM.ST. P/A(B)T P/A(S)T Z/L Z/C Z/R Z/C 
LB. IN. PS I 
3. CCN3 0 110.0 1.770 6.00 22.928 5.933 0.940 1.754 3.508 0.558 
3. CCN30 120.0 1.950 6.00 25.012 6.472 1.036 1.933 3.865 0.615 
3. CGN30 130.0 2.000 6.00 27.097 7.012 1.062 1.982 3.964 0.631 
3. CGN30 135.0 2.060 6.00 28.139 7.282 1.094 2.042 4.083 0.650 
3. CCN30 140.0 2.070 . 6.00 29.181 7.551 1.099 2.052 4.103 0.653 
4. CCN60 IC.O 0.266 6.00 8.321 4.193 0.609 0.527 1.053 0.168 
4. CCN60 20.0 0.360 6.00 16.642 8.396 0.824 0.713 1.426 0.227 
4. CCN60 30.0 0.480 6.00 24.963 12.594 1 .098 0.950 1.901 0.303 
4. CCN60 40.0 0.506 6.00 33.284 16.793 1.158 1.C02 2.004 0.319 
4. CGN60 5C.0 0.640 6.00 41.605 20.991 1.465 1.267 2.535 0.403 
4. CGN60 60.0 0.860 6.00 49.926 25.189 1.968 1.703 3.406 0.542 
5. CCN60 10.0 0.270 6 .00 3.332 1.667 0.391 0.338 0.677 0. 108 
5. CCN60 20 .0 0.332 6.00 6 . 665 3.333 0.480 0.416 0.832 0.132 
5. CCN60 30.0 0.474 6.00 9.997 5.000 0.686 0.594 1. 188 0.189 
5. CCN60 40.0 0.540 6.00 13.329 6.667 0.781 0.677 1.353 0.215 
5. CGN60 50.0 0.596 6 .00 16.662 8.333 0.863 0.747 1.494 0.238 
5. CCN60 60.0 0.606 6.0,0 19.994 10.000 0.877 0.759 1.519 0.242 
5. CCN60 70.0 0.680 6.00 23.327 11.667 0.984 0.852 1.704 0.271 
5. CCN60 80.0 0.730 6.00 26.659 13.333 1.056 0.915 1.830 0.291 
5. CCN60 90.0 0.800 6 .00 29.991 15.000 1.158 1.C03 2.005 0.319 
5. CCN60 100.0 0 .788 6.00 33.324 16.667 1.140 0.987 1.975 0.314 
6. CCN60 IC.O 0.244 6.00 2.084 1.043 0.279 0.242 0.484 0.077 
6. CCN60 20.0 0.450 6.00 4.169 2-. 086 0-515 0.446 0.892 0.142 
6. CCN60 30.0 0.430 6.00 6.253 3.129 G.492 0.426 0.852 0.136 
6. CCN60 40.0 0.508 6.00 8.337 4.172 C.581 0. 503 1.007 0.160 
Figure 52, (Continued) 
PENETROMETER TEST DATA 
IP TIP Pt z ,  T, PI 1-1 PI 1-2 PI2-1 PI 2-2 PI2-3 . PI2-4 
G. SHAPE LOAD, DEPTH, COM.ST. P/A{B)T P/A(S)T Z/L Z/C Z/R Z/C 
LB. IN. PSI 
6. CCN60 50.0 0.644 6 .00 'lC.422 5.215 0.737 0.638 1.277 0.203 
6. CCN60 60.0 0.586 6 .00 12.506 6.258 0.670 0. 581 1.162 0.185 
6. CCN60 70.0 0.700 6.00 14.591 7.301 0.801 0.694 1.388 0.221 
6. CCN60 80.0 0.750 6.00 16.675 8.344 0.858 0.743 1.487 0.237 
6. CGN60 90.0 0.740 6.00 18.759 9.387 0.847 0.733 1.467 0.233 
6. CCN60 100.0 0.800 6.00 20.844 10.430 0.915 0. 793 1.586 0.252 
6. CGN60 110.0 0.888 6.00 22.928 11.473 1.016 0. 880 1.760 0.280 
6. CGN60 120.0 0.952 6.00 25.012 12.516 1.089 0.944 1 .887 0.300 
6. CCN60 130.0 0.972 6.00 27.097 13.559 1.112 0.963 1.927 0.307 
6 « CCN60 140.0 1.120 6.00 29.181 14.602 1.281 I .  110 2.220 0.353 
6. C0N60 150.0 1.368 6.00 31.266 15.645 1.565 1.356 2.712 0.432 
CGN90 10.0 0. 120 6.00 8.321 5.910 0.476 0. 238 0.475 0.076 
CCN90 20.0 0.228 6.00 16.642 11.820 0.905 0.451 0.903 0.144 
CCN90 30.0 0.288 6.00 24.963 17.730 1.143 0.570 1.141 0.182 
CCN90 40.0 0.320 6.00 33.284 23.641 1.270 0.634 1.267 0.202 
CCN90 50.0 0.4C0 6.00 41.605 29.551 1.587 0. 792 1.584 0.252 
C0N90 60.0 0.480 6.00 49.926 35.461 1.905 0.950 1.901 0.303 
8. CCN90 IC.O 0.200 6 .00 3.332 2.357 0.501 0.251 0.501 0.080 
8. CGN90 20.0 0.224 6 . 00 6 . 665 4.715 0.561 0.281 0.561 0.089 
8. CCN90 30.0 0.340 6.00 9.997 7.072 0.852 0.426 0.852 0.136 
8. CGN9C 40.0 0.336 6.00 13.329 9.430 0.842 0.421 0.842 0.134 
8. CCN90 50.0 0.360 6.00 16.662 11.787 0.902 0.451 0.902 0.144 
8. CGN90 60.0 0.400 6.00 19.994 14.144 1.003 0. 501 1.003 0.160 
8. CCN90 70.0 0.440 6.00 23.327 16.502 1. 103 0.551 1. 103 0.176 
8. CCN90 80.0 0.520 6.00 26.659 18.859 1.303 0.652 1.303 0.207 
Figure 52. (Continued) 
PENETROMETER TEST DATA 
TIP TIP Pf I f  T, PI 1-1 PIl-2 PI2-1 PI 2-2 PI2-3 PI2-4 
NO. SHAPE LOAD, DEPTH, COM.ST. P/A(B)T P/A (S)T l / L  Z/C Z/R Z/C 
LB. IN. PS I 
8. CCN90 100.0 1.160 6.00 33.324 23.574 2.907 1.454 2.907 0.463 
9. CCN90 IC .0 0.220 6.00 2.084 1.475 0.436 0.218 0.436 0.069 
9. CCN90 20.0 0.240 6.00 4.169 2.950 0.475 0.238 0.476 0.076 
9. CCN90 30.0 0.260 6.00 6.253 4.425 0.515 0.258 0.515 0.082 
9. CCN9Q 4C.0 0.352 6.00 8.337 5.900 0.697 0.349 0.698 0.111 
9. CCN90 50.0 0.360 6.00 10.422 7.375 0.713 0.357 0.714 0.114 
9. CGN90 60.0 0.412 6.00 , 12.506 8.850 0.816 0.408 0.817 0.130 
9. CCN90 70.0 0.520 6.00 14 .591 10.324 1.030 0. 515 1.031 0.164 
9. CGN90 80.0 0.496 6.00 16.675 11.799 0.932 0.492 0.983 0.156 
9. CGN90 90.0 0.496 6.00 18.759 13.274 0.982 0.492 0.983 0.156 
9. C0N90 100.0 0.620 6.00 20.844 14.749 1.228 0.614 1.229 0.196 
9. CCN90 110.0 0.640 6.00 22.928 16.224 1.267 0.634 1.269 0.202 
9. CCN90 120.0 0 .860 6.00 25.012 17.699 1.703 0. 852 1.705 0.271 
9. C0N90 130.0 0.720 6.00 27.097 19.174 1.426 0.714 1.427 0.227 
9. CGN90 140.0 0.680 6.00 29.181 20.649 1.347 0.674 1.348 0.215 
10. CGN60 10.0 0.320 6.00 4.331 2.162 0.528 0.457 0.914 0.146 
10. CGN60 20.0 0 .424 6.00 8.661 4.323 0.700 0.606 1.211 0.193 
10. CGN60 30.0 0.452 6.00 12.992 6.485 0.746 0.646 1.291 0.206 
10. CGN60 4C.0 0.600 6.00 17.323 8. 647 0.990 0.857 1.714 0.273 
10. CCN60 50.0 0.640 6.00 21.654 10.8C8 1.056 0.914 1.829 0.291 
10. CGN60 60.0 0.672 6.00 25.984 • 12.970 1.109 0.960 1.920 0 .306 
10. GGN60 70.0 0.74 8 6.00 30.315 15.132 1.234 1.069 2.137 0.340 
10. CGN60 80.0 0.892 6.00 34.646 17.294 1.472 1.274 2.549 0.406 
10. CGN60 90.0 1.000 6.00 38.977 19.455 1.650 1.429 2.857 0.435 
11. CCN60 10.0 0.288 6.00 1.754 0.867 0.302 0.262 0.524 0.083 
Figure 52. (Continued) 
PENETROMETER TEST DATA 
TIP TIP P, z, T, PI 1-1 PI 1-2 PI2-1 PI2-2 PI2-3 PI 2-4 






P/A(B)T P/A(S)T Z/L Z/C Z/R Z/C 
II. CCN60 20.0 0.348 6.00 3.508 1.734 0.365 0,316 0.633 0. 101 
11. CCN60 30.0 0.468 6.00 5.261 2.601 0.491 0.425 0,851 0.135 
11. CCN60 40.0 0.512 6.00 7.015 3.469 0.537 0.465 0.931 0.148 
11. CCN6 0 50.0 0.560 6.00 8.769 4.336 0.588 0.509 1.018 0.162 
11. CGN60 60.0 0.656 6.00 10.523 5.203 0.688 0,596 1.193 0.190 
11. CCN60 70.0 0.692 6.00 12.276 6.070 0,726 0.629 1,258 0.200 
11. CCN60 80.0 0.736 6.00 14.030 6.937 0,772 0.669 1.338 0.213 
11. CCN60 90.0 0.920 6.00 15.784 7.804 0,965 0.836 1 .673 0.266 
11. CCN6 0 100.0 1.020 6.00 17.538 8.672 1,070 0.927 1.855 0.295 
11. CCN60 110.0 1.160 6.00 19.291 9.539 1,217 1.055 2.109 0.336 
11. CGN60 110.0 1.072 6.00 19.291 9.539 1.125 0,975 1.949 0.310 
11. CGN60 120.0 0.908 6 .00 21.045 10.4C6 0.953 0. 825 1 .651 0.263 
11. CCN60 130.0 1.000 6.00 22.799 11.273 1.049 • 0.909 1.818 0.289 
11. CCN60 140.0 1.120 6.00 24.553 12.140 1.175 1.018 2.036 0.324 
11. CGN60 150.0 1.200 6.00 26.307 13.007 1.259 1.091 2.182 0.347 
11. CGN60 160.0 1.280 6.00 28.060 13.874 1.343 1 . 164 2.327 0.370 
11. CCN60 170,0 1.160 6.00 29.814 14.742 1.217 1.055 2.109 0.336 
12. CCN60 20.0 0.320 6.00 2.175 1.079 0.264 0,229 0.4 58 0.073 
12. CGN60 40,0 0.548 6.00 4.349 2. 157 0.453 0.392 0.785 0.125 
12. CGN60 60.0 C .656 6,00 6.524 3.236 0.542 0.470 0.939 0,149 
12. C G N 6 0  80.0 0.680 6.00 8,699 4.315 0.562 0.487 0.974 0.155 
12. CGN60 100.0 0.800 6.00 10,873 5.394 0.661 0.573 1.145 0,182 
12. CGN60 120.0 1.092 6.00 13,048 6.472 0.902 0.782 1.563 0.249 
12. C C N 6 0  140.0 1.200 6.00 15.223 7 . 5 5 1  0.992 0.859 1.718 0,273 
12. C C N 6 0  160.0 1.360 6.00 17.397 8.630 1.124 0.974 1.947 0.310 
Figure 52. (Continued) 
PENETROMETER TEST DATA 
TIP TIP P. z .  T, PI 1-1 PI 1-2 PI2-1 PI 2-2 PI2-3 PI 2-4 






P/A(B)T P/A(S)T Z/L Z/C Z/R Z/C 
12. CCN60 180.0 1.440 6.00 19.572 9.709 1.190 1.031 2.062 0.328 
12. CCN60 190.0 1 .460 6.00 20.659 10.248 1.207 1.045 2.090 0.333 
12. CCN60 200.0 1.825 6.00 21.747 10.787 1.508 1.306 2.613 0.416 
12. CGN60 210.0 2.120 6.00 22.834 11.327 1.752 1.518 3.035 0.483 
13. CCN90 10.0 0 .188 6.00 3.051 2.162 0.451 0.225 0.451 0.072 
13. CCN90 20.0 0.224 6.00 6. 102 4.323 0.537 0.269 0.537 0.085 
13. C0N90 30.0 0.300 6.00 9.153 6.485 0.719 0.360 0.719 0.114 
13. CCN90 40.0 0.344 6.00 12.204 8.647 0.825 0.412 0.825 0.131 
13. CCN90 50.0 0.372 6.00 15.254 10.808 0.892 0.446 0.892 0.142 
13. CCN90 60.0 0.440 6.00 18.305 12.970 1.055 0.528 1.055 0.168 
13. CGN90 70.0 0.440 6.00 21.356 15.132 1.055 0.528 1.055 0.168 
13. CCN90 80.0 0 .480 6.00 24.407 17.294 1.151 0.576 1.151 0. 183 
13. CCN90 90.0 0.548 6.00 27.458 19.455 1.314 0.657 1.314 0.209 
13. CQN90 100.0 0.640 6.00 30.509 21.617 1.535 0.767 1.535 0.244 
13. CCN9 0 110.0 0.784 6.00 33.560 23.779 1.880 0.940 1.880 0.299 
14. CCN90 10.0 0.184 6.00 1.233 0. 867 0.280 0. 140 0.280 0.045 
14. CCN90 20.0 0.252 6.00 2.466 1.734 0.384 0. 192 0.384 0.061 
14. CGN90 30.0 0.288 6.00 3.698 2.601 0.439 0.220 0.439 0.070 
14. CCN90 40.0 0.336 6.00 4.931 3.469 0.512 0.256 0.512 0.082 
14. CCN90 50.0 0.424 6.00 6.164 4.336 0.646 0.323 0.646 0.103 
14. CCN90 60.0 0.440 6.00 7.397 5.203 0.671 0. 335 0.671 0.107 
14. CCN90 70.0 0.468 6.00 8.630 6.070 0.713 0.357 0.713 0.114 
14. CCN90 80.0 0.504 6.00 9.862 6.937 0.768 0.384 0.768 0. 122 
14. CGN90 90.0 0.540 6.00 11.095 7.8C4 0.823 0.412 0.823 0.131 
14. CCN90 100.0 0.560 6.00 12.328 8.672 0.854 0.427 0.854 0. 136 
Figure 52. (Continued) 
PENETROMETER TEST DATA 
TIP TIP P, z .  T ,  PIl-1 PI 1-2 PI2-1 PI 2-2 PI2-3 PI 2-4 
NO. SHAPE LOAD, DEPTH, COM.ST. P/A(8)T P/A(S)T Z/L Z/D Z/R Z/C 
LB. IN. PSI 
14. CCN9 0 110.0 0.588 6.00 13.561 9.539 0.896 0.448 0.896 0.143 
14. C0N9O 160.0 0.800 6.00 19.725 13.874 1.220 0.610 1.220 0.194 
14. CCN90 170.0 0 .860 6.00 20.957 14.742 1.311 0.655 1.311 0.209 
14. CCN90 180.0 0.880 6.00 22.190 15.609 1.341 0.671 1.341 0.214 
14. CGN90 19C.0 1.288 6.00 23.423 16.476 1.963 0.982 1.963 0.312 
14. CCN90 200.0 1.320 6.00 24.656 17.343 2.012 1 . CC6 2.012 0.320 
15. CCN90 20.0 0.272 6.00 1.529 1.079 C.327 0. 163 0.327 0.052 
15. CCN90 40.0 C.4C0 6-00 3.058 2.157 0.480 0.240 0.480 0.076 
15. CGN90 IIC.O 0.628 6.00 8.410 5.933 0.754 0.377 0.754 0.120 
15. CCN90 160.0 0.892 6.00 12.233 8.630 1.071 0.535 1.071 0.170 
15. CCN90 200.0 0.880 6.00 15.291 10.787 1.056 0. 528 1.056 0.168 
15. CCN90 250.0 1.080 6.00 19.114 13.484 1.297 0.648 1.297 0.206 
16. FLATC IC.O 0.080 6.00 8.321 8.333 0.001 0. 158 0.317 0.050 
16. FLATC 20.0 0.090 6.00 16.642 16.667 0.001 0.178 0.356 0.057 
16. FLATC 30.0 0.100 6.00 24.963 25.CGC 0.001 0. 198 0.396 0.063 
16. FLATC 40 .0 0.120 6.00 33.284 33.333 0.001 0.238 0.475 0.076 
16. FLATC 50.0 0.230 6.00 41.605 41.667 0.001 0.455 0.911 0.145 
16. FLATC 60.0 0.280 6.00 49.926 50.000 0.001 0.554 1.109 0.176 
16. FLATC 70.0 0.500 6.00 58.247 58.333 0.001 0.990 1.980 0.315 
17. FLATC 10.0 0.040 6.00 3.332 3.333 0.001 0.050 0.100 0.016 
17. FLATC 20.0 0.048 6.00 6.665 6.667 0.001 0.060 0.120 0.019 
17. FLATC 30.0 0.052 6.00 9.997 10.000 0.001 0. 065 0.130 0.021 
17. FLATC 40.0 0.072 6.00 13.329 13,333 0.001 0. 090 0.180 0.029 
17. FLATC 50.0 0 .064 6.00 16.662 16.667 0.001 0.080 0.160 0.026 
17, FLATC 60.0 0.096 6.00 19.994 20.000 0.001 0.120 0.241 0.038 
Figure 52. (Continued) 
PENETROMETER TEST DATA 
TIP TIP P. z, T, PI 1-1 PI 1-2 PI2-1 PI 2-2 PI2-3 PI2-4 






P/A(B)T P/A(S)T Z/L Z/C Z/R Z/C 
17. FLATC 70.0 0.120 6.00 23.327 23.333 0.001 0. 150 0.301 0.048 
17. FLATC 80 .0 0.160 6.00 26.659 26.667 0.001 0.201 0.401 0.064 
17. FLATC 90.0 0.240 6.00 29.991 30.000 0.001 0.301 0.602 0.096 
17. FLATC 100.0 0.256 6.00 33.324 33.333 0.001 0.321 0.642 0.102 
17. FLATC 110.0 0.880 6.00 36.656 36.667 0.001 1.103 2.206 0.351 
18. FLATC 10.0 0.040 6.00 2.084 2.083 0.001 0.040 0.079 0.013 
18. FLATC 20.0 0.052 6.00 4.169 4.167 0.001 0.C52 0.103 0.016 
18. FLATC 30.0 0.048 6.00 6.253 6.250 0.001 0.048 0.095 0.015 
18. FLATC 40.0 0.068 6.00 8.337 8.333 0.001 0.067 0.135 0.021 
18. FLATC 50.0 0.080 6.00 10.422 10.417 0.001 0.079 0.159 0.025 
18. FLATC 60.0 0.057 6 .00 12.506 12.500 0.001 0.056 0.113 0.018 
18. FLATC 70.0 0.080 6.00 14.591 14.583 0.001 0.079 0.159 0.025 
18. FLATC 80.0 0.120 6.00 16.675 16.667 0.001 0.119 0.238 0.038 
18. FLATC 90.0 0 .160 6.00 18.759 18.750 0.001 0. 159 0.317 0.050 
18. FLATC 100.0 0.164 6.00 20.844 20.833 0.001 0. 163 0.325 0.052 
18. FLATC 110.0 0.272 6.00 22.928 22.917 0.001 0.270 0.539 0.086 
18. FLATC 120.0 0.400 6.00 25.012 25.000 0.001 0.396 0.793 0.126 
18. FLATC 130 .0 0.720 6.00 27.097 27.083 0.001 0.714 1 .427 0.227 
19. HEM I S IC .0 0.100 6.00 8.321 4. 167 0.397 0. i98 0.396 0.063 
19. HEKI S 20.0 0.150 6.00 16.642 8.333 0.595 0.297 0.594 0.095 
19. HEMIS 30.0 0.200 6.00 24.963 12.500 0.794 0.396 0.792 0.126 
19. HEMIS 40.0 0.240 6 .00 33.284 16.667 0.952 0.475 0.950 0.151 
19. HEMIS 50.0 0.330 6 .00 41.605 20.833 1.310 0.653 1.307 0.208 
19. HEMIS 60.0 0.470 6.00 49.926 25.000 1.865 0.931 1.861 0.296 
20. HEMIS 10.0 0.070 6.00 3.332 1.667 0.175 0.C88 0.175 0.028 
Figure 52. (Continued) 
PENETROMETER TEST DATA 
TIP TIP P, z .  T, PI 1-1 PI 1-2 PI2-1 PI 2-2 PI2-3 PI2-4 
NO. SHAPE LOAD, DEPTH, COM.ST. P/A(B)T P/A(S)T Z/L Z/D Z/R Z/C 
L8. IN. PS I  
20. HEMIS 20.0 0.100 6.00 6.665 3,333 0,251 0, 125 0.251 0.040 
20. HEMIS 30.0 0.160 6.00 9.997 5.000 0,401 0.201 0.401 0.064 
20. HEMIS 40.0 0.200 6.00 . 13.329 6.667 0.501 0.251 0.501 0.080 
20. HEMIS 50.0 0.230 6.00 16.662 8.333 0,576 0.288 0.576 0.092 
20. HEMIS 60.0 0.300 6.00 19.994 10.000 0.752 0.376 0.752 0.120 
20. HEMIS 70.0 0.350 6.00 23.327 11.667 0.877 0.439 0.877 0.140 
20. HEMIS 80.0 0.400 6.00 26.659 13,333 1,003 0.501 1.003 0.160 
20. HEMIS 90.0 0.420 6.00 29.991 15.000 1.053 0.526 1.053 0.168 
20. HEMIS 100.0 0 .460 6.00 33.324 16,667 1.153 0. 576 1.153 0.183 
21. HEMIS 10,0 0.080 6.00 2.084 1.042 C. 159 0.079 0.159 0.025 
21. HEMIS 20.0 0.100 6.00 4.169 2.083 0.198 0.099 0.198 0.032 
21. HEMIS 30.0 0.130 6.00 6.253 3. 125 0.258 0.129 0.258 0.041 
21. HEMIS 40.0 0.150 6.00 8.337 4.167 0.298 0. 149 0.297 0.047 
21. HEMIS 50.0 0.180 6.00 10.422 5.208 0.357 0, 178 0.357 0.057 
21. HEMIS 60.0 0.200 6 .00 12.506 6.250 0.397 0, 198 0.396 0.063 
21. HEMIS 70.0 0.220 6.00 14.591 7.292 0,437 0,218 0.436 0,069 
21. HEMIS 80.0 0.300 6.00 16.675 8.333 0,595 0.297 0 .595 0,095 
21. HEMIS 90.0 0.300 6.00 18.759 9.375 0,595 0.297 0.595 0,095 
21. HEMIS 100.0 0 .380 6 .00 20.844 10.417 0.754 0.377 0.753 0.120 
21 . HEMIS 110.0 0.440 6.00 2 2 . 9 2 8  11.458 0.873 0.436 0.872 0.139 
21. HEMIS 120.0 0.550 6.00 25.012 12.500 1.091 0.545 1 .090 0.174 
21. HEMIS 130.0 0.600 6.00 27.097 13.542 1. 190 0 . 5 9 5  1.189 0.189 
21. HEMIS 140.0 0 .680 6.00 29,181 14.583 1,349 0.674 1.348 0.215 
22. PARAB 10.0 0.200 6.00 8.321 1.634 0,212 0.396 0.792 0,126 
22. PARAB 20.0 0.230 6,00 16,642 3.268 0,244 0.455 0.911 0.145 
Figure 52. (Continued) 
PENETROMETER TEST DATA 
TIP TIP P, z ,  T, PI 1-1 PI 1-2 PI2-1 PI 2-2 PI2-3 P 12-4 
N O .  SHAPE LOAD, DEPTH, COM.ST. P/A(B)T P/A{S)T Z/L Z/D Z/R Z/C 
LB. IN. PSI 
22. PARAB 30.0 0.420 6.00 24 .963 4.902 0.446 0. 832 1.663 0.265 
22. PARAB 40.0 0.480 6.00 33.284 6.536 0.510 0.950 1.901 0.303 
22. PARAB 50.0 0.680 6.00 41.605 8.170 0.722 1.347 2.693 0.429 
22. PARAB 60.0 0.940 6.00 49.926 9.804 0.998 1.861 3.723 0.592 
23. PARAB IC.O 0.100 6.00 3.332 0.654 0.067 0. 125 0.251 0.040 
23. PARAB 20.0 0.200 6.00 6.665 1.308 0. 134 0.251 0.501 0.080 
23. PARAB 30.0 0.270 6.00 9.997 1.962 0.181 0. 338 0.677 0.108 
23. PARAB 4C.0 0.400 6.00 13.329 2.615 0.269 0.501 1.003 0.160 
23. PARAB 50.0 0.410 6.00 16.662 3.269 C.275 0.514 1.028 0.164 
23. PARAB 60.0 0.630 6.00 19.994 3.923 0.423 0.789 1.579 0.251 
23. PARAB 70.0 0 .620 6.00 23.327 4.577 0.416 0.777 1.554 0.247 
23. PARAB 30.0 0.750 6.CO 26.659 5.231 0.504 0.940 1.880 0.299 
23. PARAB 90.0 0.900 6.00 29.991 5.885 0.604 1.128 2.256 0.359 
23. PARAB 100.0 1.350 6.00 33.324 6.539 0.907 1.692 3.383 0.538 
23. PARAB IIC.O 1.380 6.00 36.656 7.192 0.927 1.729 3.459 0.5 50 
23. PARAB . 120.0 1.300 6.00 39.988 7.846 0.873 1.629 3.258 0.519 
24. PARAB 10.0 0.140 6.00 2.084 0.4C8 0.074 0. 139 0.278 0.044 
24. PARAB 20.0 0.170 6.00 4.169 0.817 0.090 0. 168 0.337 0.054 
24. PARAB 30.0 0.200 6 . 00 6.253 1.225 0.106 0. 198 0.396 0.063 
24. PARAB 4C.0 0.300 6.00 8.337 1.634 0.159 0.297 0.595 0.095 
24. PARAB 50.0 0.360 6.00 10.422 2.042 0.191 0.357 0.714 0.114 
24. PARAB 60.G  0.400 6 .00 12.506 2.451 0.212 0. 396 0.793 0.126 
24. PARAB 70.0 0.570 6.00 14.591 2.859 0.303 0.565 1.130 0.180 
24. PARAB 80.0 0.600 6.00 16.675 3.268 0.319 0.595 1.189 0.189 
24. PARAB 90.0 0.600 6.00 18.759 3.676 C.319 0. 595 1.189 0.189 
Figure 52. (Continued) 
PENETROMETER TEST DATA 
TIP TIP P, z .  T, PI 1-1 PI 1-2 P12-1 PI 2-2 PI2-3 P 12-4 






P/A(8)T P/A(S)T Z/L Z/D Z/R Z/C 
24. PARAB ICO.O 0.670 6.00 20.844 4.085 0.356 0.664 1.328 0.211 
24. PARAB IIC.O 0.920 6.00 22.928 4.493 0.489 0.912 1.824 0.290 
24. PARAS 120.0 1.130 6.00 25.012 4.902 0.600 1.120 2.240 0.356 
24. PARAB 130.0 1.400 6.00 27.097 5.310 0.743 1.388 2.775 0.44 2 
24. PARAB 140.0 1.900 6.00 29.181 5.719 1.009 1.883 3.766 0.599 
24. PARAB 150.0 1.480 6.00 31.266 6. 127 0.786 1.467 2.934 0.467 
24. PARAB 160.0 1.700 6.00 33.350 6.536 0.903 1.685 3.370 0.536 
25. EXPON 10.0 0.660 6.00 8.321 2.473 0.701 1.307 2.614 0.416 
25. EXPON 20.0 0.864 6.00 16.642 4.946 0.917 1.711 3.422 0.545 
25. EXPON 30.0 0.900 6.00 24.963 7.418 0.955 1.782 3.564 0.567 
25. EXPON 40.0 1.040 6.00 33.284 9.891 1.104 2.059 4.119 0.656 
25. EXPON 50.0 1.096 6.00 41.605 12.364 1.163 2.170 4.341 0.691 
26. EXPON 10.0 0.720 6.00 3.332 1.211 0.484 0. 902 1.805 0.287 
26. EXPON 20.0 1.024 6.00 6.665 2.422 0^688 1.283 2.566 0.408 
26. EXPON 30.0 1.140 6.00 9.997 3.634 0.766 1.429 2.857 0.455 
26. EXPON 40.0 1.200 6.00 13.329 4.845 0.806 1. 504 3 .008 0.479 
26. EXPON 50.0 1.360 6.00 16.662 6.056 0.913 1.704 3.409 0.542 
26. EXPON 60.0 1.348 6.00 19.994 7.267 0.905 1.689 3.378 0.538 
26. EXPON 70.0 1.452 6.00 23.327 8.479 0.975 1. 820 3.639 0.579 
26. EXPON 80.0 1.520 6.00 26.659 9.690 1.021 1.905 3.810 0.606 
26. EXPON 90.0 1.600 6.00 29.991 10.901 1.075 2.C05 4.010 0.638 
26. EXPON 100.0 1.600 6.00 33.324 12.112 1.075 2.005 4.010 0.638 
26. EXPON IIC.O 1.720 6.00 36.656 13.324 1.155 2.155 4.311 0.686 
27. EXPON IG.O 0.640 6.00 2.084 0.8C4 0.340 0.634 1.269 0:202 
27. EXPON 20.0 1.000 6.00 4.169 . 1.607 0.531 0.991 1.982 0.315 
r 
Figure 52. (Continued) 
PENETROMETER TEST DATA 
TIP TIP P, z .  T, PIl-1 PI 1-2 PI2-1 PI 2-2 PI2-3 PI2-4 
NO. SHAPE LOAD, CEPTH, COM.ST. P/A(B)T P/A(S)T Z/L Z/C Z/R Z/C 
LB. IN. PSI 
27. EXPON 30.0 1.252 6.00 6.253 2.411 0.665 1.241 2.482 0.395 
27. EXPON 40.0 1 .544 6.00 8.337 3.214 0.820 1.530 3 . 0 6 0  0.487 
27. EXPON 50 .0 1.492 6.00 10.422 4.018 0. 792 1.479 2.957 0.471 
27. EXPON 60.0 1.548 6.00 12.506 4.822 0.822 1.534 3.068 0.488 
27. EXPON 70.0 1.660 6.00 14.591 5.625 0.882 1.645 3.290 0.524 
27. EXPON 80.0 1.704 6.00 16.675 6.429 0.905 1.689 3.3 78 0.538 
27. EXPON 90.0 1.760 6.00 18.759 7.232 0.935 1. 744 3.439 0.555 
27. EXPON lOC.O 1.840 6.00 20.844 8.036 0.977 1.824 3.647 0.580 
27. EXPON 110.0 1.852 6.00 22.928 8 . 8 4 0  0.984 1.835 3.671 0.584 
27. EXPON 120.0 1 .904 . 6.00 25.012 9.643 1.011 1.807 3.7 74 0.601 
27. EXPON 130.0 2.028 6.00 27.097 10.447 1.077 2.010 4.020 0 .640 
27. EXPON 14C.0 1.792 6.00 29.181 11.250 0.952 1.776 3.552 0.565 
27. EXPON 150.0 1.924 6.00 31.266 12.054 1.022 1.907 3.814 0.607 
27. EXPON 150.0 2.ICO 6.CO 31.266 12.054 1.115 2.081 4.163 0.662 
27. EXPON 160.0 2.200 6.00 33.350 12.858 1.168 2. 180 4.361 0.694 
27. EXPON 170.0 2.400 6.00 35.434 13.661 1.275 2.379 4.757 0.757 
Figure 52. (Continued) 
PENETROMETER TEST DATA 
TIP TIP P, z. T, PI 1-1 PI 1-2 PI2-1 PI 2-2 PI2-3 PI2-4 






P/A(B)T P/A(S )T Z/L Z/D Z/R Z/C 
1. CCN30 IC.O 0.680 2.98 16.731 4.347 C.722 1. 347 2.693 0.429 
I. CCN30 15.0 0.772 2.98 25.097 6.520 0.820 1.529 3.057 0.487 
1. CCN30 2C.0 0.896 2.98 33.462 8.693 0.951 1.774 3.549 0.565 
I. CCN30 30.0 1. ica 2.98 50.194 13.04C 1.176 2.194 4.388 0.698 
2. CGN30 IC.O 0.732 2.98 6.700 1.744 C.492 0.917 1.835 0.292 
2. CCN30 20,0 l.OCO 2.98 13.401 3.487 0.672 i.253 2.506 0.399 
2. CCN3 0 30.0 1.216 2.98 20.101 5.231 0.817 1.524 3.048 0.485 
2. CCN30 40.0 1.292 2.98 26.802 6.974 G.868 1.619 3.238 0.515 
2. CCN30 50.0 1.488 2.98 33.502 8.718 0.999 1. 865 3.729 0.594 
2. CCN30 55.0 1.688 2.9 8 36.853 9.590 1.134 2. 115 4.231 0.673 
2. CCN3C 60.0 2.012 2.98 4C.203 10.462 1.351 2.521 5.043 0.803 
3. CCN30 10.0 0.760 2.98 4.191 1.C85 0.404 0.753 1.506 0.240 
3. CCN30 20.0 1.024 2.98 8.382 2.169 0.544 1.C15 2.030 0.323 
3. CGN30 30.0 1.268 2.98 12.573 3.254 0.673 1.257 2.513 0.400 
3. CCN30 4C.0 1.368 2.98 16.764 4.338 0.727 1.356 2.712 0.432 
3. CCN30 50.0 1.448 2.98 20.955 5.423 0.769 1.435 2.870 0.457 
3. CGN30 60.0 1.680 2.98 25.147 6.507 0.892 1.665 3.330 0.530 
3. CCN30 70.0 1.920 2.98 29.338 7.592 1.020 1.903 3.806 0.606 
3. CCN30 85.0 2.080 2.98 35.624 9.219 1. 105 2.061 4.123 0,656 
3. CCN30 90.0 1.940 2.98 37.720 9.761 1.030 1.923 3.845 0.612 
3. CCN30 95.0 2.450 2.98 39.815 10.303 1.301 2.428 4,856 0.773 
4. CCN60 IC.O 0.340 2.98 16.731 8.441 C.778 0.673 1.347 0.214 
4. CCN6 0 20.0 0.520 2.93 33.462 16.883 1. 190 1.030 2.059 0.328 
4. CCN60 30.0 0.780 2.98 50.194 25.324 1.785 1.545 3.089 0.492 
4. CCN60 35.0 0.930 2.98 58.559 29.545 2.128 1. 842 3,683 0.586 
Figure 52. (Continued) 
PENETROMETER TEST DATA 
TIP r IP P, z. . T, PI 1-1 PI 1-2 PI2-1 PI 2-2 PI2-3 PI2-4 
NO. SHAPE LOAD, DEPTH, COM.ST. P/A(B)T P/A(S)T Z/L Z/C Z/R Z/C 
LB. IN. PSI 
5. CCN60 IC.O 0 .400 2.98 6.700 3.351 0.5 79 0.501 1.003 0.160 
5.. CCN60 20.0 0.532 2.98 13.401 6.702 0.770 0.667 1.333 0.212 
5. CCN60 30.0 0.560 2.98 20.101' 10.054 0.810 0.702 1.404 0.223 
5. CCN60 4C.0 0.748 2.98 26.802 13.4C5 1.082 0.937 1.875 0.298 
5. CCN60 50.0 0.800 2.98 33.502 16.756 1.158 1.C03 2.005 0.319 
5. CCN60 60.0 0.952 2.98 40.203 20.107 1.378 1. 193 2.386 0.380 
5. CCN60 65.0 0.960 2.98 43.553 21.783 1.389 1.203 2.406 0.383 
6. CCN60 IC.O 0.320 2.98 4.191 2.097 0.366 0.317 0.634 0.101 
6. CCN60 20.0 0.520 2.98 8.382 4.194 0.595 0.515 1.031 0.164 
6. CCN60 30.0 0.568 2.98 12.573 6.291 C.650 0. 563 1.126 0.179 
6 • CCN60 40.0 0.700 2.98 16.764 8.389 0.801 0.694 1.388 0.221 
6. CCN60 5C.0 0.812 2.98 20.955 10.486 0.929 0. 805 1 .610 0.256 
6. CGN6 0 6C.0 0.848 2.98 25.147 12.583 0.9 70 0.840 1.681 0.268 
6. CCN60 70.0 0.960 2.98 29.338 14.680 1.098 0.951 1.903 0.303 
6« CGN60 80.0 0.960 2.98 33.529 16.777 1.098 0.951 1.903 0.303 
6. CCN60 90.0 1.000 2.98 37.720 18.874 1.144 0.991 1.982 0.315 
6. CCN6G 95.0 1.100 2.98 39.815 19.923 1.259 1.C90 2.180 0.347 
6. CCN6 0 100.0 1 .136 2.98 41.911 20.971 1.300 1.126 2.252 0.358 
6 • CCN60 105.0 1.216 2.98 44.007 22.020 1.391 1.205 2.410 0.384 
6. CCN60 110.0 1.352 2.98 46.102 23.068 1.547 1.340 2.680 0.427 
6. CGN60 115.0 1.360 2.98 48.198 24.117 1.556 1.348 2.696 0.429 
7. CCN90 10.0 0.200 2.98 16.731 11.884 C.794 0.396 0.792 0.126 
7. CCN90 20.0 0.288 2.98 33.462 23.767 1.143 0. 570 1.141 0.182 
7. CCN9C 30.0 0.360 2.98 50.194 35.651 1.429 0.713 1.426 0.227 
7. CGN90 40.0 0.612 2.98 66.925 47.535 2.429 1.212 2.424 0.386 
Figure 52, (Continued) 
PENETROMETER TEST CATA 
TIP TIP P, z .  T, PI 1-1 PI 1-2 PI2-1 PI 2-2 PI2-3 PI2-4 





PS I  
P/A(B)T P/A(S)T Z/L Z/C Z/R Z/C 
7. CGN90 45.0 1.384 2.98 75.290 53.477 5.492 2.741 5.481 0.872 
0. CCN90 IC.O 0.224 2 . 9 8  6.700 4.740 0.561 0.281 0.561 0.089 
8. CCN90 20.0 0.328 2.98 13.401 9.480 0.822 0.411 0.822 0.131 
8. CCN90 30.0 0.348 2.98 20. 101 14.220 0.872 0.436 0.872 0.139 
8. CCN90 4C.0 0.416 2.98 26.802 18.960 1.043 0.521 1.043 0.166 
8. CGN90 5C.0 0.480 2.98 33.502 23.700 1.203 0. 602 1.203 0.191 
8. CCN90 60 .0 0.592 2.98 40.203 28.440 1.484 0.742 1.484 0.236 
8. CCN9 0 70 .0 0.700 2.98 46.903 33.180 1.754 0.877 1.754 0.279 
8. CCN90 75.0 0.732 2.98 50.253 35.550 1.835 0.917 1.835 0.292 
8. CGN90 8C.0 0.960 2.98 53.604 37.920 2.406 1.203 2.406 0.383 
8. CCN90 85.0 1.520 2.98 56.954 40.290 3.810 1.905 3.810 0.606 
8. CCN90 90.0 2.100 2.98 60.304 42.660 5.263 2.632 5.263 0.838 
9. CCN90 IC.O 0.210 2.98 4.191 2.966 C.416 0.208 0.416 0.066 
9. CCN90 20.0 0.292 2.98 8.382 5.931 0.578 0.289 0.579 0.092 
9. CCN9 0 30.0 0.332 2.98 12.573 8.897 0.657 0.329 0.658 0.105 
9. CCN90 40.0 0.412 2.98 16.764 11.863 0.816 0.408 0.817 0.130 
9. CGN9C 50.0 0.460 2.98 20.955 14.828 0.911 0.456 0.912 0.145 
9. CCN90 60.0 0.560 2.98 25.147 17.794 1.109 0.555 1.110 0.177 
9. CGN9C 70.0 0.592 2.98 29.338 . 20.760 1.172 0.587 1.173 0.187 
9. CCIM90 80 .0 0.616 2.98 33.529 23.725 1.220 0.611 1.221 0.194 
9. CGN90 9C.0 0.720 2.98 37.720 26.69 1 1.426 0.714 1.427 0.227 
9. CCN9 0 100 .0 0.816 2.98 41.911 29.657 1.616 0. 809 1.617 0.257 
9. CCN90 IIC.O 1.600 2.98 46.102 32.622 3.168 1.586 3.171 0.505 
10. CCN60 10.0 0.320 2.98 8.708 4.347 0.528 0.457 0.914 0.146 
10. CGN60 20.0 0.480 2.98 17.416 8.693 0.792 0.686 1.371 0.218 
Figure 52. (Continued) 
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CCN60 30.0 0 .600 2.98 26.124 13.040 0.990 0.857 1.714 
CCN60 40.0 0.800 2.98 34.832 17.386 1.320 1.143 2.286 
CCN60 50.0 0.840 2.98 43.540 21.733 1.386 1.200 2.400 
CCN60 60.0 0.860 2.98 52.247 26.079 1.419 1.229 2.457 
CCN6C 70.0 1.320 2.98 60.955 30.426 2.178 1. 886 3.771 
CCN60 10.0 0.300 2.98 3.526 1.744 0.315 0.273 0.545 
CCN60 20.0 0.560 2.98 7.053 3.487 0.588 0.509 1.018 
CCN60 30.0 0.640 2.98 10.579 5.231 0.672 0. 582 1.164 
CCN6G 40 .0 0 .680 2.98 14.105 6.974 0.714 0.618 1.236 
CCN60 50.0 0.720 2.98 17.632 8.718 0.756 0.655 1.309 
CCN60 60.0 0.800 2 . 9 8  21.158 10.462 G.839 0.727 1.455 
CCN60 70.0 0.860 2.98 24.684 12.205 0.902 0.782 1.564 
CCN60 80 .0 0.940 2.98 28.211 13.949 0.986 0.855 1.709 
CCN60 90.0 0.960 2 . 9 8  31.737 15.692 1.007 0.873 1.745 
CCN60 100.0 1.120 2.98 35.263 17.436 1.175 1.C18 2.036 
CCN60 IIC.O 1.440 2 . 9 8  38.790 19.180 1.511 1.309 2.618 
CCN6 0 120.0 1.520 2.98 42.316 20.923 1.595 1.382 2.764 
CCN60 130.0 1.600 2 . 9 8  45.842 22.667 1.679 1.455 2.909 
CCN60 14C.0 2.200 2 . 9 8  49.369 24.410 2.308 2.COG 4.000 
CCN90 IC.O 0.232 2.98 6.134 4.347 0.556 0.278 0.556 
CCN90 20.0 0.284 2.98 12.269 8.693 0.681 0.341 0.681 
CCN90 30.0 0.364 2.98 18.403 13.040 0.873 0.436 0.873 
CCN90 4C.0 0.432 2.98 24.538 17.386 1.036 0.518 1.036 
CCN9G 50.0 0.452 2.98 30.672 21.733 1.084 0.542 1.084 
CCN9 0 60 .0 0.504 . 2.98 36.807 26.079 1.209 0.604 1.209 
Figure 52, (Continued) 
PENETROMETER T E S T  D A T A  
TIP TIP P, z, T ,  P I 1-1 PI 1-2 PI2-1 PI 2-2 PI2-3 PI2-4 






P/A{B)T P/A(S)T Z/L Z/C Z/R Z/C 
13. CCN90 70.0 0.564 2.98 42.941 30.426 1.353 0.676 1.353 0.215 
13. CCN90 8C.0 0.732 2.98 49.076 34.773 1.755 0.878 1.755 0.279 
13. CCN90 85.0 0.896 2.98 52.143 36.946 2.149 1.074 2.149 0.342 
13. CGN90 90.0 1.320 2.98 55.210 39.119 3.165 1.583 3.165 0.504 
13. CCN90 95.0 1.960 2.98 58.278 41.292 4.700 2.350 4.700 0.748 
14. CCN90 10 .0 0.216 2.98 2.479 1.744 0.329 0.165 0.329 0.052 
14. CCN90 20.0 0.312 2.98 4.958 3.487 0.476 0.238 0.476 0.076 
14. CCN90 30.0 0.380 2.98 7.436 5.231 0.579 0.290 0.579 0.092 
14. CCN90 40.0 0.384 2.98 9.915 6.974 0.585 0.293 0.585 0.093 
14. CCN90 50.0 0.426 2.98 12.394 8.718 0.646 0.323 0.646 0.103 
14. CCN90 60.0 0.484 2.98 14.873 10.462 0.738 0.369 0.738 0.117 
14. CCN90 80.0 0.812 2.98 19.830 13.949 1.238 0.619 1.238 0.197 
14. CCN90 100 .0 0.764 2.98 24.788 17.436 1.165 0.582 1.165 0.185 
14. CCN90 120.0 0 .86 8 2.98 29.746 20.923 1.323 0.662 1.323 0.211 
15. CGN9C IC.O 0.328 2.98 1.537 1.085 0.394 0.197 0.394 0.063 
15. CCN9G 20.0 0.444 2.98 3.075 2.169 0.533 0.267 0.533 0.085 
15. CCN90 30.0 0.552 2.98 4.612 3.254 0.663 0.331 0.663 0.105 
15. CCN90 40.0 0.692 2.98 6.149 4.33 8 0.831 0.415 0.831 0.132 
15. CCN90 50.0 0.840 2.98 7.687 5.423 1.008 0. 504 1.008 0.160 
15. CCN90 60.0 0.872 2.98 9.224 6.507 1.047 0.523 1.047 0.167 
15. CCN90 70.0 0.872 2.98 10.761 7.592 1.04 7 0.523 1.047 0.167 
1 5 .  CCN90 80.0 0.936 2.98 12.298 8.676 1.124 0. 562 1.124 0.179 
15. CCN90 lOC.O 1.168 2.98 15.373 10.845 1.402 0.701 1.402 0.223 
15. CCN9 0 150.0 2.160 2.98 23.060 16.268 2.593 1.297 2.593 0.413 
16. FLATC 10.0 0.040 2.98 16.731 16.756 0.001 0.079 0.158 0.025 
Figure 52. (Continued) 
PENETROMETER 
T I P  T I P  P , '  Z ,  T ,  P I l - l  
N O .  S H A P E  L O A D ,  D E P T H ,  C O M , S T .  P / A ( B ) T  
L 8 .  I N .  P S I  
1 6 .  F L A T C  2 0  . 0  0  .088 2  . 9 8  3  3  .462 
1 6 .  F I . A T C  3 0  , 0  0  .  1 8 4  2  .98 5 0  .  1 9 4  
1 6 .  F L A T C  4  0  . 0  0  .340 2  . 9 8  6 6  . 9 2 5  
1 6 .  F L A T C  5 0  . 0  0  . 9 6 0  2  . 9 8  8 3  . 6 5 6  
1 6 .  F L A T C  5 5  . 0  0  . 9 2 0  2  . 9 8  9 2  . 0 2 2  
1 7 .  F L A T C  I C  . 0  0  . 0 1 2  2  .98 6  .700 
1 7 .  F L A T C  2 0  . 0  0  . 0 1 6  2  . 9 8  1 3  . 4 0 1  
1 7 .  F L A T C  3 0  . 0  0  .068 2  . 9 8  2 0  .  1 0 1  
1 7 .  F L A T C  A C  . 0  0  . 1 1 2  2  . 9 8  2 6  . 8 0 2  
1 7 .  F L A T C  50 . 0  0  . 2 1 2  2  . 9 8  3 3  . 5 0 2  
17. F L A T C  6 0  . 0  0  . 2 6 8  2  , 9 8  4C . 2 0 3  
17. F L A T C  7 C  . 0  0  .400 2  . 9 8  4 6  . 9 0 3  
1 7 .  F L A T C  8 0  . 0  2  .080 2  . 9 8  5 3  . 6 0 4  
1 8 .  F L A T C  1 0  . 0  0  . 0 4 8  2  .98 4  .  1 9 1  
1 8 .  F L A T C  20 . 0  0  . 0 6 8  2  . 9 8  8  . 3 8 2  
1 8 .  F L A T C  3 0  . 0  0  . 0 8 0  2  . 9 8  1 2  .  5 7 3  
1 8 .  F L A T C  4C . 0  0  .092 2  . 9 8  1 6  .  7 6 4  
1 8 .  F L A T C  5 0  . 0  0  .  1 4 8  2  . 9 8  2 0  . 9 5 5  
1 8 .  F L A T C  6 0  . 0  0  . 1 7  2  2  . 9 8  2 5  . 147 
1 8 .  F L A T C  7 0  .0 0  .240 2  .98 2 9  .338 
1 8 .  F L A T C  8 0  . 0  0  . 3 0 4  2  . 9 8  3 3  .529 
1 8 .  F L A T C  90 . 0  0  .440 2  . 9 8  3 7  . 7 2 0  
1 8 .  F L A T C  1 0 0  . 0  0  . 4 9 6  2  . 9 8  4 1  .911 
1 8 .  F L A T C  1 0 5  . 0  2  . 2 0 0  2  . 9 8  44 . 0 0 7  
1 9 .  H E  M I  S  1 0  , 0  0  . 1 5 2  2  . 9 8  1 6  . 7 3 1  
Figure 52. (Contiiiued) 
TEST DATA 
P I  1 - 2  P I 2 - 1  P I 2 - 2  P I 2 - 3  P 1 2 - 4  
P / A I S ) T  Z / L  Z / C  Z / R  Z / C  
3 3 . 5 1 2  C  . 0 0 1  0  .  1 7 4  0  . 3  4 9  0  . 0 5 5  
5 0 . 2 6 8  0  . 0 0 1  0  .  3 6 4  0  .729 0  . 1 1 6  
6 7 . 0 2 4  0  . 0 0 1  0  .673 1  . 3 4 7  0  .214 
8 3 . 7 8 0  0  . 0 0 1  1  . SOI 3  . 8 0 2  0  . 6 0 5  
9 2 . 1 5 8  0  . 0 0 1  1  .  8 2 2  3  . 6 4 4  0  . 5 8 0  
6 . 7 0 2  0  . 0 0 1  0  . 0 1 5  0  . 0 3 0  0  . 0 0 5  
1 3 . 4 C 5  0  . 0 0 1  0  .  0 2 0  0  . 0 4 0  0  . 0 0 6  
2 0 . 1 C 7  0  . 0 0 1  0  . 085 0  .  1 7 0  0  . 0 2 7  
2 6 . 8 1 0  0  .001 0  .  1 4 0  0  - 2 8 1  0  .045 
3 3 . 5 1 2  0  . 0 0 1  0  .  2 6 6  0  . 5 3 1  0  .085 
4 0 . 2 1 4  0  . 0 0 1  0  . 3 3 6  0  . 6 7 2  0  .  1 0 7  
4  6 . 9 1 7  0  . 0 0 1  0  .  5 0 1  1  . 0 0 3  0  . 1 6 0  
5 3 . 6 1 9  0  . 0 0 1  2  . 6 0 7  5  . 2 1 3  0  . 8 3 0  
4 . 1 8 9  0  . 0 0 1  0  .  0 4 8  0  . 0 9 5  0  . 0 1 5  
8 . 3 7 8  0  . 0 0 1  0  .  C 6 7  0  . 1 3 5  0  . 0 2 1  
1 2 . 5 6 7  0  . 0 0 1  0  .  0 7 9  0  . 1 5 9  0  . 0 2 5  
1 6 . 7 5 6  0  . 0 0 1  0  . 0 9 1  0  . 1 8 2  0  .029 
2 0 . 9 4 5  0  . 0 0 1  0  .  1 4 7  0  . 2 9 3  0  . 0 4 7  
2 5 . 1 3 4  0  . 0 0 1  0  .  1 7 0  0  . 3 4 1  0  . 0 5 4  
2 9 . 3 2 3  C  . 0 0 1  0  . 2 3 8  0  . 4 7 6  0  . 0 7 6  
3 3 . 5 1 2  0  . 0 0 1  0  . 3 0 1  0  . 6 0 3  0  . 0 9 6  
3 7 . 7 0 1  0  . 0 0 1  0  . 436 0  . 8 7 2  0  . 1 3 9  
4 1 . 8 9 0  0  . 0 0 1  0  . 4 9 2  0  . 9 8 3  0  ,  1 5 6  
4 3 . 9 8 5  0  . 0 0 1  2  .  1 8 0  4  . 3 6 1  0  .694 
8 . 3 7 8  0  . 6 0 3  0  .  3 0 1  0  . 6 0 2  0  . 0 9 6  
PENETROMETER TEST DATA 
TIP T IP P, Z, T, PIl-1 PI 1-2 PI2-1 PI 2-2 PI2-3 PI 2-4 
NO. SHAPE LOAD, DEPTH, COM.ST. P/A(B) T P/A(S)T Z/L Z/C Z/R Z/C 
LB. IN. PSI 
19. HEKI S 20.0 0.344 2.98 33.462 16.756 1.365 0.681 1.362 0.217 
19. HEMIS 30.0 0.440 2.98 50.194 25.134 1.746 0. 871 1.743 0.277 
19. HEMIS 35.0 0.700 2.98 58.559 29.323 2.778 1. 386 2.772 0.441 
19. HEMIS 40.0 2.180 2.98 66.925 33.512 8.651 4.317 8.634 1.374 
20. HEMIS 10.0 0.116 2.98 6.700 3.351 0.291 0.145 0.291 0.046 
20. HEMIS 20.0 0.172 2.98 13.401 6.702 0.431 0.216 0.431 0.069 
20. HEMIS 30.0 0.240 2 . 9 8  20.101 10.054 0.602 0.301 0.602 0.096 
20. HEMIS 4C.0 0.306 2.98 2 6 . 8 0 2  13.4C5 0.767 0.383 0.767 0.122 
20. HEMIS 50 .0 0 .400 2.98 33.502 16.756 1.003 0. 501 1.003 0 . 160 
20. HEMIS 60.0 0.480 2.98 40.203 20.107 1.203 0 . 6 0 2  1.203 0.191 
20. HEMIS 70.0 0.900 2.98 46.903 23.458 2.256 1.128 2 . 2 5 6  0.359 
20. HEMIS, 75.0 1.640 2.98 50.253 25.134 4.110 2.055 4.110 0.654 
21. HEM I S 10 .0 0.092 2.98 4.191 2.095 0. 183 0.091 0.182 0.029 
21. HEMI S 20.0 0.132 2.98 8.382 4. 189 C.262 0. 131 0.262 0.042 
21. HEM I S 30.0 0.172 2.98 12.573 6.284 0.341 0. 170 0.341 0.054 
21. HEMIS 40.0 0.224 2.98 16.764 8.378 0.444 0.222 0.444 X 0.071 
21. HEMIS 50.0 0 . 2 8 8  2.98 20.955 10.47 3 0.571 0.285 0.571 0.091 
21. HEMIS 60.0 0.328 2.98 25.147 12.567 0.651 0.325 0.650 0.103 
21. HEMIS 70.0 0 .400 2.98 29.338 14.662 0.794 0.396 0.793 0. 126 
21. HEMIS 80 .0 0.468 2.98 33.529 16.756 0.929 0.464 0.928 0.148 
21. HEMIS 90.0 0.592 2.98 37.720 18.851 1.175 0.587 1.173 0. 187 
21. HEMIS 100.0 0.800 2.98 41.911 20.945 1.587 0.793 1.586 0.252 
21. HEMIS 105.0 2.120 2.98 44.007 21.992 4 . 2 0 6  2.101 4.202 0 . 6 6 9  
22. P/ ! R A e  IG.O 0.220 2.98 16.731 3.285 0.234 0.436 0.871 0.139 
22. PARAB 20.0 0.440 2.98 33.462 6.571 0.467 0. 871 1.743 0.277 
Figure 52, (Continued) 
PENETROMETER TEST DATA 
TIP TIP P, z ,  T, PI 1-1 PIl-2 PI2-1 PI2-2 PI2-3 PI 2-4 






P/A(B)T P/A(S)T Z/L Z/D Z/R Z/C 
22. PARAB 25.0 0.600 2.98 41.828 8.214 0.637 1.188 2.376 0.378 
22. PARAB 35.0 0.910 2.98 58.559 11.499 0.966 1.802 3.604 0.574 
22. PfRAB 40.0 1.220 2.98 66.925 13.142 1.295 2.416 4 . 8 3 2  0 .769 
22. PARAB 45.0 \1.8C0 2.98 75.290 14.785 1.911 3.564 7.129 1 .135 
23. PARAB 10.0 0.148 2.98 6.700 1.315 0.099 0. 185 0.371 0.059 
23- PARAB 20.0 0.272 2.98 13.401 2.629 0.183 0.341 0.682 0.108 
23. PARAB 30.0 0.440 2.98 20.101 3.944 0.296 0.551 1.103 0.176 
23. PARAB 40.0 0.692 2.98 26.802 5.259 0.465 0.867 1.734 0.276 
23. PARAB 50.0 0.960 2.98 33.502 6. 5 74 0.645 1.203 2.406 0 .383 
23. PARAB 60 .0 1.144 2.98 40.203 7.888 0.768 1.434 2.867 0.456 
23. PARAB 70 .0 1.780 2.98 46.903 9.203 1.195 2.231 4.461 0.7 10 
23. PARAB 00.0 2.160 2.98 53.604 10.518 1.451 2.707 5.414 0.862 
23. PARAB 85.0 3.600 2.98 56.954 11.175 2.418 4. 511 9.023 1.436 
24. PARAB IG.O 0.132 2.98 4.191 0.821 0.070 0. 131 0.262 0.042 
24. PARAB 20 .0 0.268 2.98 8.382 1.643 0.142 0.266 0.531 0 .085 
24. PARAB 30.0 0.360 2.98 12.573 2.464 0.191 0.357 0.714 0.114 
24. PARAB 40.0 0.600 2.98 16.764 3.285 0.319 0.595 1.189 0.189 
24. PARAB 50.0 0.944 2.98 20.955 4. 1C7 0.501 0.936 1.871 0.298 
24. PARAB 60.0 0.880 2.98 25.147 4.928 C.467 0.872 1.744 0.278 
24. PARAB 70.0 1.000 2.98 29.338 5.750 C.531 0.991 1.982 0.315 
24. PARAB 80.0 1.208 2.98 33.529 6.571 0.642 1. 197 2.394 0.381 
24. PARAB 90.0 1.600 2.98 37.720 7.392 0.850 1 .586 3.171 0.505 
24. PARAB 100.0 1.860 2.98 41.911 8.214 0.988 1.843 3.687 0.587 
24. pysRAB 110.0 1.870 2.98 46. 102 9.035 0.993 1. 853 3.707 0.590 
24. PARAB 120.0 3.300 2.98 50.293 9.856 1.753 3.271 6.541 1.041 
Figure 52. (Continued) 
PENETROMETER TEST DATA 
TIP TIP P, z. T, PI 1-1 PI 1-2 PI2-1 PI 2-2 PI2^3 PI 2-4 
NO. SHAPE LOAD, DEPTH, COM.ST. P/A(B)T P/A(S)T Z/L Z/D Z/R L / C  
LB. IN. PSI 
25. EXPON IC .0 0.704 2.98 16.731 4.972 C.747 1.394 2.788 0.444 
25. EXPON 20.0 1 .000 2.98 33.462 9.944 1.062 1.980 3.960 0.630 
25. EXPON 30.0 1.160 2.98 50.194 14.916 1.231 2 . 2 9 7  4.594 0. 731 
25. EXPON 35.0 1.692 2.98 58.559 17.4C2 1.796 3.350 6.701 1.066 
25. EXPON 40 .0 2.160 2.98 66.925 19.888 2.293 4.277 8.554 1.361 
26. EXPON I C . O  0.960 2.98 6.7CC 2.435 C.645 1.203 2.406 0.383 
26. EXPON 20.0 1.240 2.98 13.401 4.871 0.833 1. 554 3.108 0.495 
26. EXPON 30.0 1.340 2.98 20.101 7.306 0.900 1.679 3.358 0.535 
26. EXPON 4 0 . 0  1.448 2.98 26.802 9.742 0.972 1.815 3.629 0.578 
26. EXPON 50.0 1.548 2.98 33.502 12.177 l . C ' i O  1. 94C 3.880 0.617 
26. EXPON 60.0 1.720 2.98 40.203 14.613 1.155 2. 155 4.311 0.686 
26. EXPON 70.0 1.888 2.98 46.903 17.048 1.268 2.366 4.732 0.753 
26. EXPON 75.0 2.072 2.98 5C.253 18.266 1.392 2.596 5.193 0.826 
26. EXPON 80 .0 2.600 2.98 53.604 1 9 . 4 8 4  1.746 3.258 6 . 5 1 6  1.037 
27. EXPON IC.O 0.960 2.98 4.191 1.616 0.510 0.951 1.903 0.303 
27. EXPON 20.0 1 .368 2.98 8.382 3.232 0.727 1.356 2.712 0.432 
2 7 .  EXPON 30 .0 1.552 2.98 12.573 4.847 0.824 1.538 3.076 0.490 
27. EXPON 4 0 . 0  1.700 2.98 16.764 6.463 C.903 1.685 3.370 0.536 
27. EXPON, 50.0 1 . 7 6 4  2.98 20.955 8.079 0.937 1.748 3.497 0 . 5 5 6  
27. EXPON 60.0 1.808 2.98 25.147 9.695 0.96Ô 1.792 3.5 84 0.570 
27. EXPON 7 0  . 0  1 .920 2.98 29.338 1 1 . 3 1 1  1.020 1 .903 3.806 0.606 
27. EXPON 80.0 2.020 2.98 33.529 12.927 1.073 2.CC2 4.004 0.637 
27. EXPON 9 G . 0  2.120 2.98 37.720 14.542 1.126 2.101 4.202 0.669 
27. EXPON l O C . O  2.600 2.98 41.911 1 6 . 1 5 8  1.381 2.577 5 . 1 5 4  0.820 
27. EXPON 115.0 3.350 2.98 48.198 18.582 1.779 3. 320 6.640 1.057 
Figure 52, (Continued) 
WIRE SOIL-SHEARING TEST DATA 
T E S T  0 ,  L  t  P ,  z .  T ,  P I - 1 - 1  P I - 1 - 2  P I - 2 - l  P I - 2 - 2  P I - 2 - 3  
N O .  W I R E  L E N G T H ,  L O A D ,  D E P T H ,  C O M P .  P / A ( C S ) T  P / A ( S ) T  Z / L  Z / 0  Z / 0 . 5 C  
0 1  A  .  f  S T R . ,  
I N .  I N .  L B  I N .  P S I  
1 1 .  0 . 0 5 1  5 .  1  1 1 . 6 5  0 . 0 9 6  4 . 3 1 6  1 0 . 3 7 8  6 . 6 0 7  0 . 0 1 9  1 . 8 8 2  1 . 1 9 8  
1 2 .  0 . 0 5 1  5 . 1  1 6 . 6 5  0 . 1 3 2  4 . 3 1 6  1 4 . 8 3 2  9 . 4 4 2  0 . 0 2 6  2 . 5 8 8  1 . 6 4 8  
1 3 .  0 . 0 5 1  5 . 1  2 1 . 6 5  0 .  1 6 8  4 . 3 1 6  1 9 . 2 8 6  1 2 . 2 7 8  0 . 0 3 3  3 . 2 9 4  2 . 0 9 7  
1 4 .  0 . 0 5 1  5 . 1  2 6 . 6 5  0 . 2 0 0  4 . 3 1 6  2 3 . 7 4 0  1 5 . 1 1 3  0 . 0 3 9  3 . 9 2 2  2 . 4 9 7  
1 5 .  0 . 0 5 1  5 .  1  3 1 . 6 5  0 . 2 3 6  4 . 3 1 6  2 8 . 1 9 4  1 7 . 9 4 9  0 . 0 4 6  4 . 6 2 7  2 . 9 4 6  
1 6 .  0 . 0 5 1  5 .  1  3 6 . 6 5  0 . 2 8 0  4 . 3 1 6  3 2 . 6 4 8  2 0 . 7 8 4  0 . 0 5 5  5 . 4 9 0  3 . 4 9 5  
1 7 .  0 .  0 5 1  5 . 1  4 1 . 6 5  0 . 3 0 8  4 . 3 1 6  3 7 . 1 0 2  2 3 . 6 2 0  0 . C 6 0  6 . 0 3 9  3 . 8 4 5  
1 8 .  0 . 0 5 1  5 . 1  4 6 . 6 5  0 . 3 4 0  4 . 3 1 6  4 1 . 5 5 6  2 6 . 4 5 5  0 . 0 6 7  6 . 6 6 7  4 . 2 4 4  
1 9 .  0 . 0 5 1  5 . 1  5 1 . 6 5  0 . 3 9 0  4 . 3 1 6  4 6 . 0 1 0  2 9 . 2 9 1  0 . 0 7 6  7 . 6 4 7  4 . 8 6 8  
2 0 .  0 . 0 5 1  5 . 1  5 6 . 6 5  0 . 4 1 2  4 . 3 1 6  5 0 . 4 6 4  3 2 . 1 2 6  0 . 0 8 1  8 . 0 7 8  5 . 1 4 3  
2 1 .  0 . 0 5 1  5 . 1  6 1 . 6 5  0 . 7 5 2  4 . 3 1 6  5 4 . 9 1 8  3 4 . 9 6 2  0 .  1 4 7  1 4 . 7 4 5  9 . 3 8 7  
2 3 .  0 . 0 5 1  5 . 1  1 1 . 6 5  0 . 0 8 8  4 . 3 1 6  1 0 . 3 7 8  6 . 6 0 7  0 . 0 1 7  1 . 7 2 5  1 . 0 9 8  
2 4 .  0 . 0 5 1  5 . 1  1 6 . 6 5  0 . 1 2 2  4 . 3 1 6  1 4 . 8 3 2  9 . 4 4 2  0 . 0 2 4  2 . 3 9 2  1 . 5 2 3  
2 5 .  0 . 0 5 1  5 . 1  2 1 . 6 5  0 . 1 4 2  4 . 3 1 6  1 9 . 2 8 6  1 2 . 2 7 8  0 . 0 2 8  2 . 7 8 4  1 . 7 7 3  
2 6 .  0 . 0 5 1  5 . 1  2 6 . 6 5  0 . 2 0 0  4 . 3 1 6  2 3 . 7 4 0  1 5 . 1 1 3  0 . 0 3 9  3 . 9 2 2  2 . 4 9 7  
2 7 .  0 . 0 5 1  5 . 1  3 1 . 6 5  0 . 2 2 0  4 . 3 1 6  2 8 . 1 9 4  1 7 . 9 4 9  0 . 0 4 3  4 . 3 1 4  2 . 7 4 6  
2 8 .  0 . 0 5 1  5 . 1  3 6 . 6 5  0 . 2 5 4  4 . 3 1 6  3 2 . 6 4 8  2 0 . 7 8 4  0 . 0 5 0  •  4 . 9 8 0  3 . 1 7 1  
2 9 .  0 . 0 5 1  5 . 1  4 1 . 6 5  0 . 2 6 6  4 . 3 1 6  3 7 . 1 0 2  2 3 . 6 2 0  0 . 0 5 2  5 . 2 1 6  3 . 3 2 0  
3 0 .  0 . 0 5 1  5 . 1  4 6 . 6 5  0 . 3 0 0  4 . 3 1 6  4 1 . 5 5 6  2 6 . 4 5 5  0 . 0 5 9  5 . 8 8 2  3 . 7 4 5  
3 1 .  0 . 0 5 1  5 . 1  5 1 . 6 5  0 . 3 3 6  4 . 3 1 6  4 6 . 0 1 0  2 9 . 2 9 1  0 . 0 6 6  6 . 5 8 8  4 . 1 9 4  
3 2 .  0 . 0 5 1  5 . 1  5 6 . 6 5  0 . 3 4 6  4 . 3 1 6  5 0 . 4 6 4  3 2 . 1 2 6  0 . 0 6 8  6 . 7 8 4  4 . 3 1 9  
3 3 .  0 . 0 5 1  5 . 1  5 6 . 6 5  0 . 4 0 6  4 . 3 1 6  5 0 . 4 6 4  3 2 . 1 2 6  0 . 0 8 0  7 . 9 6 1  5 . 0 6 8  
3 4 .  0 . 0 5 1  5 . 1  6 1 . 6 5  0 . 4 7 4  4 . 3 1 6  5 4 . 9 1 8  3 4 . 9 6 2  0 . 0 9 3  9 . 2 9 4  5 . 9 1 7  
3 5 .  0 . 0 5 1  5 .  1  6 6 . 6 5  0 . 5 0 0  4 . 3 1 6  5 9 . 3 7 2  3 7 . 7 9 7  0 . 0 9 8  9 . 8 0 4  6 . 2 4 1  
3 6 .  0 . 0 5 1  5 . 1  7 1 . 6 5  0 . 6 4 0  4 . 3 1 6  6 3 . 8 2 6  4 0 . 6 3 2  0 .  1 2 5  1 2 . 5 4 9  7 . 9 8 9  
Figure 53. Wire soil-shearing test data 
WIRE SOIL-SHEARING TEST DATA 
F E S T  D ,  L ,  P ,  Z ,  T ,  P l - l - 1  P I - 1 - 2  
W I R E  L E N G T H ,  L O A D ,  D E P T H ,  C O M P .  P / A ( C S ) T  P / A ( S ) T  
D I A . ,  S I R . ,  
P I - 2 - 1  P I - 2 - 2  P I - 2 - 3  
Z / L  Z / D  Z / 0 . 5 C  
I   •  
I N .  I N .  L B  I N .  P S I  
3 7 .  0 . 0 5 1  5 . 1  7 6 . 6 5  0 . 6 6 4  4 . 3 1 6  6 8 . 2 8 0  4 3 . 4 6 8  0 . 1 3 0  1 3 . 0 2 0  8 . 2 8 9  
3 8 .  0 . 0 5 1  5 .  1  8 1 . 6 5  1 . 0 7 2  4 . 3 1 6  7 2 . 7 3 3  4 6 . 3 0 3  0 . 2 1 0  2 1 . 0 2 0  1 3 . 3 8 1  
3 9 .  0 . 0 5 1  5 . 1  1 1 . 6 5  Ô . 0 8 2  4 . 3 1 6  1 0 . 3 7 8  6 . 6 0 7  0 . 0 1 6  1 . 6 0 8  1 . 0 2 4  
4 0 .  0 . 0 5 1  5 . 1  2 1 . 6 5  0 . 1 1 0  4 . 3 1 6  1 9 . 2 8 6  1 2 . 2 7 8  0 . 0 2 2  2 . 1 5 7  1 . 3 7 3  
4 1 .  0 . 0 5 1  5 . 1  3 1 . 6 5  0 . 3 0 2  4 . 3 1 6  2 8 . 1 9 4  1 7 . 9 4 9  0 . 0 5 9  5 . 9 2 2  3 . 7 7 0  
4 2 .  0 . 0 5 1  5 . 1  4 1 . 6 5  0 . 5 2 6  4 . 3 1 6  3 7 . 1 0 2  2 3 . 6 2 0  0 . 1 0 3  1 0 . 3 1 4  6  .  5 6 6  
4 3 .  0 . 0 5 1  5 . 1  5 1 . 6 5  1  . 4 6 0  4 . 3 1 6  4 6 . 0 1 0  2 9 . 2 9 1  0 . 2 8 6  2 8 . 6 2 7  1 8 . 2 2 5  
4 4 .  0 . 0 5 1  5 .  1  6 1 . 6 5  0 . 4 8 0  4 . 3 1 6  5 4 . 9 1 8  3 4 . 9 6 2  0 . 0 9 4  9 . 4 1 2  5 . 9 9 2  
4 5 .  0 . 0 5 1  5 . 1  7 1 . 6 5  0 . 6 2 4  4 . 3 1 6  6 3 . 8 2 6  4 0 . 6 3 2  0 .  1 2 2  1 2 . 2 3 5  7 . 7 8 9  
4 6 .  0 . 0 5 1  5 .  1  8 1 . 6 5  0 . 9 8 0  4 . 3 1 6  7 2 . 7 3 3  4 6 . 3 0 3  0 . 1 9 2  1 9 . 2 1 6  1 2 . 2 3 3  
5 6 .  0 . 0 4 1  4 .  1  1 1  . 4 9  0 . 0 3 2  4 . 3 1 6  1 5 . 8 3 7  1 0 . 0 8 2  0 . 0 0 8  0 . 7 8 0  0 . 4 9 7  
5 7 .  0 . 0 4 1  4 . 1  2 1 . 4 9  0 . 0 7 6  4 - 3 1 6  2 9 . 6 2 0  1 8 . 8 5 7  0 . 0 1 9  1 . 8 5 4  1 . 1 8 0  
5 8 .  0 . 0 4 1  4 . 1  3 1 . 4 9  0 . 1 2 2  4 . 3 1 6  4 3 . 4 0 3  2 7 . 6 3 1  0 . 0 3 0  2 . 9 7 6  1 . 8 9 4  
5 9 .  0 . 0 4 1  4 . 1  4 1 . 4 9  0 . 6 0 0  4 . 3 1 6  5 7 . 1 8 7  3 6 . 4 0 6  0 . 1 4 6  1 4 . 6 3 4  9 . 3 1 6  
6 0 .  0 . 0 4 1  4 . 1  1 1 . 4 9  0 . 0 5 2  4 . 3 1 6  1 5 . 8 3 7  1 0 . 0 8 2  0 . 0 1 3  1 . 2 6 8  0 . 8 0 7  
6 1 .  0 . 0 4 1  4 . 1  2 1 . 4 9  0 . 1 0 6  4 . 3 1 6  2 9 . 6 2 0  1 8 . 8 5 7  0 . 0 2 6  2 . 5 8 5  1 . 6 4 6  
6 2 .  0 . 0 4 1  4 . 1  3 1 . 4 9  0 . 1 6 8  4 . 3 1 6  4 3 . 4 0 3  2 7 . 6 3 1  0 . 0 4 1  4 . 0 9 8  2 . 6 0 9  
6 3 .  0 . 0 4 1  4 .  1  3 6 . 4 9  0 . 2 0 0  4 . 3 1 6  5 0 . 2 9 5  3 2 . 0 1 9  0 . 0 4 9  4 . 8 7 8  3 . 1 0 5  
6 4 .  0 . 0 4 1  4 . 1  4 1 . 4 9  0 . 2 3 6  4 . 3 1 6  5 7 . 1 8 7  3 6 . 4 0 6  0 . 0 5 8  5 . 7 5 6  3 . 6 6 4  
6 5 .  0 . 0 4 1  4 . 1  4 6 . 4 9  0 . 2 5 6  4 . 3 1 6  6 4 . 0 7 8  4 0 . 7 9 3  0 . 0 6 2  6 . 2 4 4  3 . 9 7 5  
6 6  «  0 . 0 4 1  4 . 1  5 1 . 4 9  0 . 3 6 0  4 . 3 1 6  7 0 . 9 7 0  4 5 . 1 8 1  0 . 0 8 8  8 . 7 8 0  5 . 5 9 0  
6 7 .  0 . 0 4 1  4 . 1  5 6 . 4 9  0 . 4 2 0  4 . 3 1 6  7 7 . 8 6 1  4 9 . 5 6 8  0 .  1 0 2  1 0 . 2 4 4  6 . 5 2 1  
6 9 .  0 . 0 4 1  4 . 1  1 1 . 4 9  0 . 0 4 6  4 . 3 1 6  1 5 . 8 3 7  1 0 . 0 8 2  0 . 0 1 1  1 . 1 2 2  0 . 7 1 4  
7 0 .  0 . 0 4 1  4 . 1  2 1 . 4 9  0 . 0 9 2  4 . 3 1 6  2 9 . 6 2 0  1 8 . 8 5 7  0 . 0 2 2  2 . 2 4 4  1 . 4 2 9  
7 1 .  0 . 0 4 1  4 . 1  3 1 . 4 9  0 . 1 4 6  4 . 3 1 6  4 3 . 4 0 3  2 7 . 6 3 1  0 . 0 3 6  3 . 5 6 1  2 . 2 6 7  
Figure 53. (Continued) 
W I R E  S O I L - S H E A R I N G  T E S T  D A T A  
T E S T  0 ,  L  f  P ,  z .  T ,  P I - 1 - 1  P I - 1 - 2  P I - 2 - 1  P I - 2 - 2  P I - 2 - 3  
N O .  W I R E  L E N G T H ,  L O A D ,  D E P T H ,  C Q M P .  P / A ( C S J T  P / A ( S ) T  Z / L  Z / 0  Z / 0 . 5 C  
D I A .  ,  S T R . ,  
I N .  I N .  L B  I N .  P S I  
7 2 ,  0 . 0 4 1  4 . 1  4 1 . 4 9  0 . 3 0 4  4 . 3 1 6  5 7 . 1 8 7  3 6 . 4 0 6  0 . 0 7 4  7 . 4 1 5  4 , 7 2 0  
7 3 .  0 . 0 4 1  4 .  I  5 1 . 4 9  0 . 4 2 0  4 . 3 1 6  7 0 . 9 7 0  4 5 . 1 8 1  0 .  1 0 2  1 0 . 2 4 4  6 . 5 2 1  
7 4 .  0 . 0 4 1  4 . 1  5 6 . 4 9  0 . 3 7 2  4 . 3 1 6  7 7 . 8 6 1  4 9 . 5 6 8  0 . 0 9 1  9 . 0 7 3  5 , 7 7 6  
7 5 .  0 . 0 4 1  4 .  1  6 1 . 4 9  0 . 7 2 0  4 . 3 1 6  8 4 . 7 5 3  5 3 . 9 5 5  0 . 1 7 6  1 7 . 5 6 1  1 1 , 1 8 0  
7 6 .  0 . 0 4 1  4 . 1  1 1 . 4 9  0 . 0 4 2  4 . 3 1 6  1 5 . 8 3 7  1 0 . 0 8 2  0 . 0 1 0  1 . 0 2 4  0 , 6 5 2  
7 7 .  0 . 0 4 1  4 . 1  2 1 . 4 9  0 . 0 9 8  4 . 3 1 6  2 9 . 6 2 0  1 8 . 8 5 7  0 . 0 2 4  2 . 3 9 0  1 . 5 2 2  
7 8 .  0 . 0 4 1  4 . 1  3 1 . 4 9  0 ,  1 7 8  4 . 3 1 6  4 3 . 4 0 3  2 7 . 6 3 1  0 . 0 4 3  4 . 3 4 1  2 . 7 6 4  
7 9 .  0 . 0 4 1  4 . 1  4 1 . 4 9  0 . 2 6 2  4 . 3 1 6  5 7 . 1 8 7  3 6 . 4 0 6  0 . 0 6 4  6 . 3 9 0  4 , 0 6 8  
8 0 .  0 . 0 4 1  4 . 1  5 1 . 4 9  0 . 4 0 6  4 . 3 1 6  7 0 . 9 7 0  4 5 . 1 8 1  0 . 0 9 9  9 . 9 0 2  6 . 3 0 4  
8 1 .  0 . 0 4 1  4 . 1  5 6 . 4 9  0 . 4 5 0  4 . 3 1 6  7 7 . 8 6 1  4 9 . 5 6 8  0 .  1 1 0  1 0 . 9 7 6  6 , 9 8 7  
8 2 .  0 . 0 4 1  4 .  1  6 1 . 4 9  0 . 5 2 6  4 . 3 1 6  8 4 . 7 5 3  5 3 . 9 5 5  0 . 1 2 8  1 2 . 8 2 9  8 , 1 6 7  
1 1 6 .  0 . 0 3 1  3 .  I  1 1 . 3 4  0 . 0 6 4  4 . 3 1 6  2 7 . 3 4 1  1 7 . 4 0 6  0 . 0 2 1  2 . 0 6 5  1 , 3 1 4  
1 1 7 .  0 . 0 3 1  3 . 1  1 2 . 3 4  0 . 0 7 0  4 . 3 1 6  2 9 . 7 5 2  1 8 . 9 4 0  ' 0 , 0 2 3  2 . 2 5 8  1 . 4 3 8  
1 1 8 .  0 . 0 3 1  3 . 1  1 3 . 3 4  0 . 0 7 8  4 . 3 1 6  3 2 . 1 6 3  2 0 . 4 7 5  0 . 0 2 5  2 . 5 1 6  1 . 6 0 2  
1 1 9 .  0 . 0 3 1  3 .  1  1 4 . 3 4  0 . 0 9 8  4 . 3 1 6  3 4 . 5 7 4  2 2 . 0 1 0  0 . 0 3 2  3 . 1 6 1  2 . 0 1 3  
1 2 0 .  0 . 0 3 1  3 . 1  1 5 . 3 4  0 . 1 0 0  4 . 3 1 6  3 6 . 9 8 5  2 3 . 5 4 5  0 . 0 3 2  3 . 2 2 6  2 . 0 5 4  
1 2 1 .  0 . 0 3 1  3 .  1  1 6 . 3 4  0 . 1 3 4  4 . 3 1 6  3 9 . 3 9 6  2 5 . 0 8 0  0 . 0 4 3  4 . 3 2 3  2 . 7 5 2  
1 2 2 .  0 . 0 3 1  3 . 1  1 7 . 3 4  0 . 1 2 0  4 . 3 1 6  4 1 . 8 0 7  2 6 . 6 1 5  0 . 0 3 9  3 . 8 7 1  2 . 4 6 4  
1 2 3 .  0 . 0 3 1  3 . 1  1 8 . 3 4  0 . 1 7 2  4 . 3 1 6  4 4 . 2 1 8  2 8 . 1 5 0  0 . 0 5 5  5 . 5 4 8  3 . 5 3 2  
1  2 4 .  0 . 0 3 1  3 . 1  1 9 . 3 4  0 . 1 6 0  4 . 3 1 6  4 6 . 6 2 9  2 9 . 6 8 5  0 . 0 5 2  5 . 1 6 1  3 . 2 8 6  
1 2 5 .  0 . 0 3 1  3 . 1  2 0 , 3 4  0 . 1 6 8  4 . 3 1 6  4 9 . 0 4 0  3 1 . 2 1 9  0 .  0 5 4  5 . 4 1 9  3 . 4 5 0  
1 2 6 .  0 . 0 3 1  3 . 1  2 1 . 3 4  0 . 1 6 2  4 . 3 1 6  5 1 . 4 5 0  3 2 . 7 5 4  0 . 0 5 2  5 . 2 2 6  3 . 3 2 7  
1 2 7 .  0 . 0 3 1  3 . 1  2 2 . 3 4  0 . 2 1 4  4 . 3 1 6  5 3 . 8 6 1  3 4 . 2 8 9  0 . 0 6 9  6 . 9 0 3  4 . 3 9 5  
1 2 8 .  0 . 0 3 1  3 . 1  2 3 . 3 4  0 . 2 7 8  4 . 3 1 6  5 6 . 2 7 2  3 5 . 8 2 4  0 . 0 9 0  8 . 9 6 8  5 . 7 0 9  
1 2 9 .  0 . 0 3 1  3 . 1  2 4 . 3 4  0 . 2 6 4  4 . 3 1 6  5 8 . 6 8 3  3 7 . 3 5 9  0 . 0 8 5  8 . 5 1 6  5 . 4 2 2  
Figure 53, (Continued) 
W I R E  S O I L - S H E A R I N G  T E S T  D A T A  
T E S T  0 ,  L ,  P ,  z .  T ,  P I - 1 - 1  P I - 1 - 2  P I - 2 - 1  P I - 2 - 2  P I - 2 - 3  
N O .  W I R E  L E N G T H ,  L O A D ,  D E P T H ,  C O M P .  P / A ( C S ) T  P / A ( S ) T  Z / L  Z / D  Z / 0 . 5 C  
0 1  A .  ,  S T R .  ,  
I N .  I N .  L B  I N .  P S I  
1 3 0 .  0 . 0 3 1  3 . 1  2 5 . 3 4  0 . 4 1 4  4 . 3 1 6  6 1 . 0 9 4  3 8 . 8 9 4  0 . 1 3 4  1 3 . 3 5 5  8 . 5 0 2  
1 3 1 .  0 . 0 3 1  3 . 1  2 6 . 3 4  0  . 4 6 2  4 . 3 1 6  6 3 . 5 0 5  4 0 . 4 2 9  0 .  1 4 9  1 4 . 9 0 3  9 . 4 8 8  
1 3 2 .  0 . 0 3 1  3 .  1  2 7 . 3 4  0 . 7 0 0  4 . 3 1 6  6 5 . 9 1 6  4 1 . 9 6 4  0 . 2 2 6  2 2 . 5 8 1  1 4 . 3 7 5  
1 3 3 .  0 . 0 3 1  3 . 1  1 1 . 3 4  0 . 1 1 0  4 . 3 1 6  2 7 . 3 4 1  1 7 . 4 0 6  0 . C 3 5  3 . 5 4 8  2 . 2 5 9  
1 3 4 .  0 . 0 3 1  3 . 1  1 6 . 3 4  0 . 1 3 6  4 . 3 1 6  3 9 . 3 9 6  2 5 . 0 8 0  0 . 0 4 4  4 . 3 8 7  2 . 7 9 3  
1 3 5 .  0 . 0 3 1  3 . 1  2 1 . 3 4  0 . 2 4 2  4 . 3 1 6  5 1 . 4 5 0  3 2 . 7 5 4  0 . 0 7 8  7 . 8 0 6  4 . 9 7 0  
1 3 6 .  0 . 0 3 1  3 . 1  2 3 . 3 4  0 . 1 6 0  4 . 3 1 6  5 6 . 2 7 2  3 5 . 8 2 4  0 . 0 5 2  5 . 1 6 1  3 . 2 8 6  
1 3 7 .  0 . 0 3 1  3 . 1  2 6 . 3 4  0 . 4 4 0  4 .  3 1 6  6 3 . 5 0 5  4 0 . 4 2 9  0 .  1 4 2  1 4 . 1 9 4  9 . 0 3 6  
1 3 8 .  0 . 0 3 1  3 .  1  2 7 . 3 4  0 . 4 9 0  4 . 3 1 6  6 5 . 9 1 6  4 1 . 9 6 4  0 .  1 5 8  1 5 . 8 0 6  1 0 . 0 6 3  
1 3 9 .  0 . 0 3 1  3 . 1  2 8 . 3 4  0 . 9 0 0  4 . 3 1 6  6 8 . 3 2 7  4 3 . 4 9 8  0 . 2 9 0  2 9 . 0 3 2  1 8 . 4 8 2  
1 4 0 .  0 . 0 3 1  3 . 1  1 1 . 3 4  0 . 0 6 4  4 . 3 1 6  2 7 . 3 4 1  1 7 . 4 0 6  0 . 0 2 1  2 . 0 6 5  1 . 3 1 4  
1 4 1 .  0 . 0 3 1  3 . 1  1 6 . 3 4  0 . 1 9 8  4 . 3 1 6  3 9 . 3 9 6  2 5 . 0 8 0  0 . C 6 4  6 . 3 8 7  4 . 0 6 6  
1 4 2 .  0 . 0 3 1  3 . 1  2 1 . 3 4  0 . 1 5 0  4 . 3 1 6  5 1 . 4 5 0  3 2 . 7 5 4  0 . 0 4 8  4 . 8 3 9  3 . 0 8 0  
1 4 3 .  0 . 0 3 1  3 . 1  2 6 . 3 4  0 . 2 3 4  4 . 3 1 6  6 3 . 5 0 5  4 0 . 4 2 9  0 . 0 7 5  7 . 5 4 8  4 . 8 0 5  
1 4 4 .  0 . 0 3 1  3 .  1  2 7 . 3 4  0 . 5 7 0  4 . 3 1 6  6 5 . 9 1 6  4 1 . 9 6 4  0 .  1 8 4  1 8 . 3 8 7  1 1 . 7 0 6  
1 5 6 .  0 . 0 2 0  2 . 0  1 1 . 1 9  0 . 0 9 0  4 . 3 1 6  6 4 . 8 1 7  4 1 . 2 6 4  0 . 0 4 5  4 . 5 0 0  2 . 8 6 5  
1 5 7 .  0 . 0 2 0  2 . 0  1 2 . 1 9  0 .  1 8 4  4 . 3 1 6  7 0 . 6 0 9  4 4 . 9 5 1  0 . 0 9 2  9 . 2 0 0  5 . 8 5 7  
1 5 8 .  0 . 0 2 0  2 . 0  1 3 . 1 9  0 . 1 4 0  4 . 3 1 6  7 6 . 4 0 2  4 8 . 6 3 9  0 . 0 7 0  7 . 0 0 0  4 . 4 5 6  
1 6 0 .  0 . 0 2 0  2 . 0  1 1 . 1 9  0 . 1 0 6  4 . 3 1 6  6 4 . 8 1 7  4 1 . 2 6 4  0 . 0 5 3  5 . 3 0 0  3 . 3 7 4  
1 6 1 .  0 .  0 2 0  2 . 0  1 2 . 1 9  0 . 1 7 0  4 . 3 1 6  7 0 . 6 0 9  4 4 . 9 5 1  0 . 0 8 5  8 . 5 0 0  5 . 4 1 1  
1 6 2 .  0 . 0 2 0  2 . 0  1 3 . 1 9  0 . 1 2 4  4 . 3 1 6  7 6 . 4 0 2  4 8 . 6 3 9  0 . 0 6 2  6 . 2 0 0  3 . 9 4 7  
1 6 4 .  0 . 0 5 1  5 .  1  1 1 . 6 5  0 . 0 4 8  2 . 8 4 8  1 5 . 7 2 7  1 0 . 0 1 2  0 . 0 0 9  0 . 9 4 1  0 . 5 9 9  
1 6 5 .  0 . 0 5 1  5 . 1  2 1 . 6 5  0 . 1 1 2  2 . 8 4 8  2 9 . 2 2 7  1 8 . 6 0 6  0 . 0 2 2  2 . 1 9 6  1 . 3 9 8  
1 6 6 .  0 . 0 5 1  5 . 1  3 1 . 6 5  0 . 2 3 6  2 . 8 4 8  4 2 . 7 2 6  2 7 . 2 0 0  0 . 0 4 6  4 . 6 2 7  2 . 9 4 6  
1 6 7 .  0 . 0 5 1  5 . 1  4 1 . 6 5  0 . 2 8 4  2 . 8 4 8  5 6 . 2 2 6  3 5 . 7 9 4  0 . 0 5 6  5 . 5 6 9  3 . 5 4 5  
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W I R E  S O I L - S H E A R I N G  T E S T  D A T A  
T E S T  D ,  L  »  P ,  z .  T ,  P I - 1 - 1  P I - 1 - 2  P I - 2 - 1  P I - 2 - 2  P I - 2 - 3  
N O .  W I R E  L E N G T H ,  L O A D ,  D E P T H ,  C O M P .  P / A ( C S )  T  P / A ( S ) T  Z / L  I / O  Z / 0 . 5 C  
o r  A .  ,  S T R .  ,  
I  N .  I N .  L B  I N .  P S I  
1 6 8 .  0 .  0 5 1  5 . 1  5 1 . 6 5  0 . 4 4 0  2 . 8 4 8  6 9 . 7 2 5  4 4 . 3 8 8  0 . 0 8 6  8 . 6 2 7  5 . 4 9 2  
1 6 9 .  0 . 0 5 1  5 . 1  5 6 . 6 5  0 . 4 8 8  2 . 8 4 8  7 6 . 4 7 5  4 8 . 6 8 5  0 . 0 9 6  9 . 5 6 9  6 . 0 9 2  
1 7 0 .  0 . 0 5 1  5 . 1  6 1 . 6 5  0 . 5 9 6  2 . 8 4 8  8 3 . 2 2 5  5 2 . 9 8 2  0 .  1 1 7  1 1 . 6 8 6  7 . 4 4 0  
1 7 1 .  0 . 0 5 1  5 . 1  6 6 . 6 5  1 . 0 6 0  2 . 8 4 8  8 9 . 9 7 5  5 7 . 2 7 9  0 .  2 0 8  2 0 . 7 8 4  1 3 . 2 3 2  
1 7 3 .  0 . 0 5 1  5 . 1  1 1 . 6 5  0 . 0 8 8  2 . 8 4 8  1 5 . 7 2 7  1 0 . 0 1 2  0 . 0 1 7  1 . 7 2 5  1 . 0 9 8  
1 7 4 .  0 . 0 5 1  5 . 1  2 1 . 6 5  0 . 1 1 6  2 . 8 4 8  2 9 . 2 2 7  1 8 . 6 0 6  0 , 0 2 3  2 . 2 7 5  1 . 4 4 8  
1 7 5 .  0 . 0 5 1  5 . 1  3 1 . 6 5  0 . 1 6 0  2 . 8 4 8  4 2 . 7 2 6  2 7 . 2 0 0  0 . 0 3 1  3 . 1 3 7  1 . 9 9 7  
1 7 6 .  0 . 0 5 1  5 . 1  4 1 . 6 5  0 . 2 2 0  2 . 8 4 8  5 6 . 2 2 6  3 5 . 7 9 4  0 . 0 4 3  4 . 3 1 4  2 . 7 4 6  
1 7 7 .  0 . 0 5 1  5 . 1  5 1 . 6 5  0 . 2 6 8  2 . 8 4 8  6 9 . 7 2 5  4 4 . 3 8 8  0 . 0 5 3  5 . 2 5 5  3 . 3 4 5  
1 7 8 .  0 . 0 5 1  5 . 1  6 1 . 6 5  0 . 4 6 4  2 . 8 4 8  8 3 . 2 2 5  5 2 . 9 8 2  0 . 0 9 1  9 . 0 9 8  5 . 7 9 2  
1 8 0 .  0 . 0 5 1  5 . 1  1 1 . 6 5  0 . 0 4 0  2 . 8 4 8  1 5 . 7 2 7  1 0 . 0 1 2  0 . 0 0 8  0 . 7 8 4  0 . 4 9 9  
1 8 1 .  0 . 0 5 1  5 .  1  2 1 . 6 5  0 . 1 0 0  2 . 8 4 8  2 9 . 2 2 7  1 8 . 6 0 6  0 .  0 2 0  1 . 9 6 1  1 .  2 4 8  
1 8 2 .  0 . 0 5 1  5 .  1  3 1 . 6 5  0 . 1 5 6  2 . 8 4 8  4 2 . 7 2 6  2 7 . 2 0 0  0 . 0 3 1  3 . 0 5 9  1 . 9 4 7  
1 8 3 .  0 . 0 5 1  5 .  1  4 1 . 6 5  0 . 2 3 6  2 . 8 4 8  5 6 . 2 2 6  3 5 . 7 9 4  0 . 0 4 6  4 . 6 2 7  2 . 9 4 6  
1 8 4 .  0 . 0 5 1  5 . 1  5 1 . 6 5  0 . 3 2 8  2 . 8 4 8  6 9 . 7 2 5  4 4 . 3 8 8  0 . 0 6 4  6 . 4 3 1  4 . 0 9 4  
1 8 5 ,  0 . 0 5 1  5 . 1  6 1 . 6 5  0 . 5 2 8  2 . 8 4 8  8 3 . 2 2 5  5 2 . 9 8 2  0 .  1 0 4  1 0 . 3 5 3  6 . 5 9 1  
1 9 8 .  0 . 0 4 1  4 . 1  1 1 . 4 9  0 . 0 6 0  2 . 8 4 8  2 4 . 0 0 0  1 5 . 2 7 9  0 . 0 1 5  1 . 4 6 3  0 . 9 3 2  
1 9 9 .  0 . 0 4 1  4 . 1  2 1 . 4 9  0 . 1 2 8  2 . 8 4 8  4 4 . 8 8 8  2 8 . 5 7 6  0 . 0 3 1  3 . 1 2 2  1 . 9 8 7  
2 0 0 .  0 . 0 4 1  4 . 1  3 1 . 4 9  0  . 3 5 6  2 . 8 4 8  6 5 . 7 7 6  4 1 . 8 7 4  0 . 0 8 7  8 . 6 8 3  5 . 5 2 8  
2 0 1 .  0 . 0 4 1  4 .  1  3 6 . 4 9  0 . 7 0 0  2 . 8 4 8  7 6 . 2 2 0  4 8 . 5 2 3  0 . 1 7 1  1 7 . 0 7 3  1 0 . 8 6 9  
2 0 3 .  0 . 0 4 1  4 . 1  1 1 . 4 9  0 . 0 6 0  2 . 8 4 8  2 4 . 0 0 0  1 5 . 2 7 9  0 . 0 1 5  1 . 4 6 3  0 . 9 3 2  
2 0 4 .  0 . 0 4 1  4 .  1  2 1 . 4 9  0 . 1 6 0  2 . 8 4 8  4 4 . 8 8 8  2 8 . 5 7 6  0 . C 3 9  3 . 9 0 2  2 . 4 8 4  
2 0 5 .  0 . 0 4 1  4 . 1  3 1 . 4 9  0 . 2 6 0  2 . 8 4 8  6 5 . 7 7 6  4 1 . 8  7 4  0 . 0 6 3  6 . 3 4 1  4 . 0 3 7  
2 0 6 .  0 . 0 4 1  4 .  1  3 6 . 4 9  0 . 3 5 2  2 . 8 4 8  7 6 . 2 2 0  4 8 . 5 2 3  0 . 0 8 6  8 . 5 8 5  5 . 4 6 6  
2 0 7 .  0 . 0 4 1  4 . 1  4 1 . 4 9  0 . 3 0 0  2 . 8 4 8  8 6 . 6 6 3  5 5 . 1 7 2  0 . G 7 3  7 . 3 1 7  4 . 6 5 8  
Figure 53. (Continued) 
W I R E  S O I L - S H E A R I N G  T E S T  D A  F A  
T E S T  D ,  L  ;  P ,  z .  T ,  P I - 1 - 1  P I - 1 - 2  P I - 2 - 1  P I - 2 - 2  P I - 2 - 3  
N O .  W I R E  L E N G T H ,  L O A D ,  D E P T H ,  C O M P .  P / A ( C S ) T  P / A ( S ) T  2 / L  Z / D  Z / 0 . 5 C  
0 1  A .  ,  S T R . ,  
I N .  I N .  L B  I N .  P S I  
2 0 8 .  0 . 0 4 1  4 . 1  4 6 . 4 9  0 . 6 0 4  2 . 8 4 8  9 7 . 1 0 7  6 1 . 8 2 0  0 .  1 4 7  1 4 . 7 3 2  9 . 3 7 8  
?10. 0 . 0 4 1  4 . 1  1 1 . 4 9  0 . 0 6 0  2 . 8 4 8  2 4 . 0 0 0  1 5 . 2 7 9  0 . 0 1 5  1 . 4 6 3  0 . 9 3 2  
2 1 1 .  0 . 0 4 1  4 . 1  2 1 . 4 9  0 . 1 2 0  2 . 8 4 8  4 4 . 8 8 8  2 8 . 5 7 6  0 . 0 2 9  2 . 9 2 7  1 . 8 6 3  
2 1 2 .  0 . 0 4 1  4 . 1  3 1 . 4 9  0 . 1 8 8  2 . 8 4 8  6 5 . 7 7 6  4 1 . 8 7 4  0 . 0 4 6  4 . 5 8 5  2 . 9 1 9  
2 1 3 .  0 . 0 4 1  4 .  1  3 6 . 4 9  0 . 3 2 0  2 . 8 4 8  7 6 . 2 2 0  4 8 . 5 2 3  0 . 0 7 8  7 . 8 0 5  4 . 9 6 9  
2 1 4 .  0 . 0 4 1  4 .  1  4 1 . 4 9  0 . 3 6 0  2 . 8 4 8  8 6 . 6 6 3  5 5 . 1 7 2  0 . 0 8 8  8 . 7 8 0  5 . 5 9 0  
2 1 5 .  0 . 0 4 1  4 .  I  4 6 . 4 9  0 . 3 2 8  2 . 8 4 8  9 7 . 1 0 7  6 1 . 8 2 0  0 . 0 8 0  8 . 0 0 0  5 . 0 9 3  
2 1 6 .  0 . 0 4 1  4 . 1  5 1  . 4 9  0 . 4 7 6  2 . 8 4 8  1 0 7 . 5 5 1  6 8 . 4 6 9  0 .  1 1 6  1 1 . 6 1 0  7 . 3 9 1  
2 1 7 .  0 . 0 4 1  4 . 1  5 6 . 4 9  1 . 0 0 0  2 . 8 4 8  1 1 7 . 9 9 5  7 5 . 1 1 8  0 . 2 4 4  2 4 . 3 9 0  1 5 . 5 2 7  
2 1 8 .  0 . 0 3 1  3 . 1  1 1 . 3 4  0 . 0 6 0  2 . 8 4 8  4 1 . 4 3 3  2 6 . 3 7 7  0 . 0 1 9  1 . 9 3 5  1 . 2 3 2  
2 1 9 .  0 . 0 3 1  3 . 1  2 1 . 3 4  0 . 1 5 6  2 . 8 4 8  7 7 . 9 7 1  4 9 . 6 3 8  0 . 0 5 0  5 . 0 3 2  3 . 2 0 4  
2 2 0 .  0 . 0 3 1  3 . 1  3 1 . 3 4  0 . 3 6 8  2 . 8 4 8  1 1 4 . 5 0 8  7 2 . 8 9 8  0 . 1 1 9  1 1 . 8 7 1  7 . 5 5 7  
2 2 1 .  0 . 0 3 1  3 . 1  3 6 . 3 4  0 . 8 0 0  2 . 8 4 8  1 3 2 . 7 7 7  8 4 . 5 2 8  0 . 2 5 8  2 5 . 8 0 6  1 6 . 4 2 9  
2 2 3 .  0 . 0 3 1  3 . 1  1 1 . 3 4  0 . 0 8 8  2 . 8 4 8  4 1 . 4 3 3  2 6 . 3 7 7  0 . 0 2 8  2 . 8 3 9  1 . 8 0 7  
2 2 4 .  0 . 0 3 1  3 . 1  2 1 . 3 4  0 . 1 9 2  2 . 8 4 8  7 7 . 9 7 1  4 9 . 6 3 8  0 . 0 6 2  6 . 1 9 4  3 . 9 4 3  
2 2 5 .  0 . 0 3 1  3 . 1  3 1 . 3 4  0 . 4 0 0  2 . 8 4 8  1 1 4 . 5 0 8  7 2 . 8 9 8  0 .  1 2 9  1 2 . 9 0 3  8 . 2 1 4  
2 2 6 .  0 . 0 3 1  3 .  1  3 6 . 3 4  0 . 8 0 0  2 . 8 4 8  1 3 2 . 7 7 7  8 4 . 5 2 8  0 . 2 5 8  2 5 . 8 0 6  1 6 . 4 2 9  
2 2 7 .  0 . 0 3 1  3 . 1  1 1 . 3 4  0 . 1 2 0  2 . 8 4 8  4 1 . 4 3 3  2 6 . 3 7 7  0 . 0 3 9  3 . 8 7 1  2 . 4 6 4  
2 2 8 .  0 . 0 3 1  3 . 1  2 1 . 3 4  0 . 2 5 2  2 . 8 4 8  7 7 . 9 7 1  4 9 . 6 3 8  0 . 0 8 1  8 . 1 2 9  5 . 1 7 5  
2 2 9 .  0 . 0 3 1  3 . 1  3 1 . 3 4  1 . 0 0 0  2 . 8 4 8  1 1 4 . 5 0 8  7 2 . 8 9 8  0 . 3 2 3  3 2 . 2 5 8  2 0 . 5 3 6  
Figure 53, (Continued) 
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Appendix B. Computer Programs 
T R I A X I A L  S H E A R  T E S T  ( U T I L I Z I N G  M G H R  C I R C L E  A N A L Y S I S )  
TEST NUMBER • 
D I A M E T E R  O F  S A M P L E ,  I N C H E S  
S A M P L E  L E N G T H ,  I N C H E S  
M A J O R  P R I N C I P A L  S T R E S S  ( F R O M  A X I A L  L O A D ) ,  P S I  
M I N O R  P R I N C I P A L  S T R E S S  ( F L U I D  P R E S S U R E ) ,  P S I  
A X I A L  L O A D ,  P O U N D S  
W E I G H T  O F  S O I L  S A M P L E ,  G R A M S  
S A M P L E  +  C A N  ( F O R  M O I S T U R E  D E T E R M I N A T I O N ) , G M  
D R I E D  S A M P L E  P L U S  C A N  W E I G H T ,  G R A M S  
W E I G H T  O F  S A M P L E  C O N T A I N E R ,  G R A M S  
A V E R A G E  M O I S T U R E  C O N T E N T  O F  S O I L ,  DRY B A S I S  
A V .  M O I S T U R E  C O N T .  O F  S O I L ,  D R Y  B A S I S ,  P E R C E N T  
B U L K  D E N S I T Y  O F  T H E  S O I L  ( D R Y  B A S I S ) ,  L B / C U . F T .  
S L O P E  O F  L I N E  F R O M  L I N .  R E G R E S S I O N  ( 5 1  A N D  S 3 )  
T A N G E N T  O F  A N G L E  O F  I N T E R N A L  F R I C T I O N  
A N G L E  O F  I N T E R N A L  F R I C T I O N  O F  S O I L  
S O I L  C O H E S I O N ,  L B / S Q . I N .  
U N C O N F I N E D  C O M P R E S S I V E  S T R E N G T H ,  L B / S Q . I N .  
D A T E  O F  T E S T  
D I M E N S I O N L E S S  R A T I O ,  S I G M A ( 1 ) / C O H E S I  O N  
L E N G T H  T O  D I A M E T E R  R A T I O ,  L / D  
T H I S  P R O G R A M  I S  B A S E D  O N  T H E  U S E  O F  4  S A M P L E S  F O R  T H E  
T R I A X I A L  T E S T ,  2  S A M P L E S  F O R  M O I S T U R E  D E T E R M I N A T I O N ,  
A N D  2  S A M P L E S  F O R  B U L K  D E N S I T Y  D E T E R M I N A T I O N  
D I M E N S I O N  T E S T ( 1 0 0 ) t S A M W l ( 1 0 0 ) , S 3 1 ( l 0 0 ) , A X L D l { L 0 0 ) ,  
I W E T W l ( 1 0 0 ) , D R Y W 1 ( 1 0 0 ) , C A N W 1 ( 1 0 0 ) , S A M W 2 ( 1 0 0 ) , S 3 2 ( 1 0 0 ) ,  
2 A X L D 2 ( 1 0 0 ) , W E T W 2 ( 1 0 0 ) , D R Y W 2 ( 1 0 0 ) , C A N W 2 ( 1 0 0 ) , S 3 3 ( 1 0 0 ) ,  
3 A X L D 3 ( 1 0 0 ) , S 3 4 ( 1 0 0 ) , A X L D 4 { 1 0 0 ) , D E N S Y ( 1 0 0 ) , S I 1 ( 1 0 0 ) ,  
4 S 1 2 ( 1 0 0 ) , S 1 3 ( 1 0 0 ) , S 1 4 ( 1 0 0 ) , B ( 1 0 0 ) , C O H E S ( 1 0 0 ) , P H I D G ( 1 0 0 ) ,  
5 S L G T H ( 1 0 0 ) , W C 0 N T ( 1 0 0 ) , H C O N T ( 1 0 0 ) , C O M S T ( 1 0 0 ) , A ( 1 0 0 ) ,  
6 Y 0 A R ( 1 0 0 ) , X B A R ( 1 0 0 ) , D I A M ( 1 0 0 ) , S L O P E ( 1 0 0 ) , G A M M A ( 1 0 0 ) ,  
7 1  A T E ( 1 0 0 ) , R A T I O ( 1 0 0 ) , P I 4 ( 1 0 0 )  
D O  1 5  K K = 1 , 4  
W R I T E  ( 3 , 1 )  
1  F O R M A T  ( 1 H 1 , 3 0 X , 2 4 H T R I A X I A L  S H E A R  T E S T  D A T A  / 1 H 0 , 1 X ,  
1 4 H T E S T , 2 X , 7 H N 0 M I N A L , 5 X , 3 H D R Y , 5 X , 1 0 H U N C O N F I N E D , 3 X ,  
2 9 H C 0 H E S I 0 N , , 3 X , 4 H P I - l , 5 X , 4 H P I - 2 , 4 X , 4 H P I - 3 , 4 X , 4 H P I - 4 /  
3 1 H  , 2 X , 3 H N 0 . , l X , q H 0 I A M E T E R , , 2 X , 8 H D E N S I T Y , , 2 X ,  
4 1 1 H C 0 M P .  S T R . , , 1 4 X , 4 H S 1 / C , 3 X , 9 H M 0 I S . C 0 N . , 1 X , 4 H P H I , ,  
5 4 X , 3 H L / D  / I H  , 7 X , 6 H I N C H E S , 4 X , 8 H L B / C U  F T , 2 X ,  
6 1 0 H L 8  /  S Q  I N , 3 X , 8 H L B / S Q  I N , 1 1 X , 7 H P E R C E N T , 2 X , 7 H D E G R E E S  / )  
T E S T  =  
D I A M  =  
S L G T H  =  
S I  
S 3  
A X L D  =  
S A M W T  =  
W E T W T  =  
D R Y W T  =  
C A N W T  =  
H C O N T  =  
W C O N T  =  
D E N S Y  =  
S L O P E  =  
B (  )  =  
P H I  
C O H E S  =  
C O M S T  =  
l A T E  =  
R A T I O  =  
P I 4  
F i g u r e  5 4 .  C o m p u t e r  p r o g r a m  f o r  t r i a x i a l  s h e a r  t e s t  d a t a  r e d u c t i o n  
174 
R E A D  ( 1 , 2 ) N  
2  F O R M A T  ( 1 3 )  
I P = 0  
D O  1 3  J = l t N  
R E A D  ( 1 , 3 ) T E S T ( J ) , I A T E ( J ) , D I A M ( J ) , S L G T H ( J ) , S A M W 1 ( J ) »  
l A X L O K  J )  , W E T W 1 (  J )  , D R Y W 1 (  J )  r C A N W K J )  » A X L D 2 (  J )  , W E T W 2 (  J ) ,  
2 D R Y W 2 ( J ) , C A N W 2 ( J ) , S 3 3 ( J ) , A X L D 3 ( J ) f S 3 4 ( J ) » A X L D 4 ( J )  
3  F O R M A T  ( F 3 . 0 , I 6 , 2 F 4 . 3 , F 5 . 2 , F 4 . 1 , 3 F 5 . 2 , F 4 . 1 , 3 F 5 . 2 , F 2 . 0 ,  
l F 4 . l ' , F 2 . 0 t F 4 , l )  
H C O N T ( J ) = ( ( ( ( W E T W K J ) - D R Y W l ( J ) ) / ( D R Y W l ( J ) - C A N W 1 ( J ) ) ) +  
1 ( ( W E T W 2 { J ) - D R Y W 2 ( J ) ) / ( 0 R Y W 2 ( J ) - C A N W 2 ( J ) ) ) ) * 0 . 5 )  
W C O N T ( J ) = 1 0 0 . 0 » H C 0 N T ( J )  
D E N S Y {  J )  =  { S A M W 1 (  J ) » 4 . 8 5 0 4 ) / (  ( 1 . 0 + H C 0 . M T (  J )  ) * ( D I A M ( J ) * * 2 )  
1 * ( S L G T H ( J ) ) )  
P I 4 ( J ) = S L G T H ( J ) / D I A M ( J )  
A ( J ) = ( 0 . 7 8 5 4 ) * ( D 1 A M ( J ) * * 2 )  "  
S l l ( J ) = A X L D 1 ( J ) / A ( J )  
S 1 2 ( J ) = A X L 0 2 ( J ) / A ( J )  
S 1 3 ( J ) = A X L D 3 ( J ) / A ( J )  
S 1 4 ( J ) = A X L D 4 ( J ) / A ( J )  
C O M S K J ) = ( S 1 1 ( J ) + S 1 2 ( J ) ) / 2 . 0  
C O M S T  B A S E D  O N  S l l  A N D  S 1 2  F R O M  U N C O N F I N E D  C O M P . S T R .  T E S T  
S 3 1 ( J ) = 0 . 0  
S 3 2 ( J ) = 0 . 0  
Y B A R ( J ) = { S 1 1 ( J ) + S 1 2 ( J ) + S 1 3 ( J ) + S 1 4 ( J ) ) / 4 . 0  
X 8 A R ( J ) = ( S 3 1 ( J ) + S 3 2 ( J ) + S 3 3 ( J ) + S 3 4 ( J ) ) / 4 . 0  
S L O P E ( J ) = ( ( ( S l U J ) * S 3 1 ( J ) ) + ( S 1 2 ( J ) * S 3 2 ( J ) ) + ( S 1 3 ( J ) *  
l S 3 3 ( J ) ) + { S 1 4 ( J ) » S 3 4 ( J ) ) ) - ( ( ( S 3 1 { J ) + S 3 2 ( J ) + S 3 3 ( J ) + S 3 4 ( J ) ) «  
2 ( S 1 1 { J ) + S 1 2 ( J ) + S 1 3 ( J ) + S 1 4 { J ) ) ) / 4 . 0 ) ) / ( ( ( S 3 L ( J ) » * 2 ) +  
3 ( S 3 2 ( J ) * * 2 ) + ( S 3 3 ( J ) * * 2 ) + ( S 3 4 ( J ) * * 2 ) ) - ( ( ( S 3 1 ( J ) + S 3 2 ( J ) +  
4 S 3 3 ( J ) + S 3 4 ( J ) ) » * 2 ) 7 4 . 0 ) )  
I F  ( S L 0 P E ( J ) ) 6 , 6 , 4  
4  G A M M A ( J ) = S g R T ( S L O P E ( J ) )  
B ( J ) = ( S L O P E ( J ) - 1 . 0 ) / ( ( 2 . 0 ) » ( G A M M A ( J ) ) )  
C O H E S ( J ) = ( Y B A R { J ) - { ( S L O P E ( J ) ) » ( X B A R ( J ) ) ) ) / ( ( 2 . 0 ) »  
1 ( G A M M A t J ) ) )  
R A T I O { J ) = { C O M S T ( J ) ) / { C O H E S ( J ) )  
P H I D G { J ) = ( 5 7 . 2 9 5 8 ) « ( A T A N ( B ( J ) ) )  
P H I  ( I N  R A D I A N S ) . =  A T A N F  ( B ( J ) )  
5  C O N T I N U E  
I F  ( P H I D G ( J ) ) 6 , 6 , 8  
Figure 54. (Continued) 
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K 
6  W R I T E  ( 3 , 7 ) T E S T { J ) , D I A M ( J )  , D E N S Y ( J ) , C O M S T ( J ) ,  C O H E S ( J ) ,  
1 R A T I 0 ( J ) , W C O N T ( J ) , P I 4 ( J )  
7  F O R M A T  ( I H  , F 5 . 0 , F 6 . 1 , F 1 3 .  3 , F 1 1 . 3 , F 1 2 . ' . 3 , 2 X , F 8  . 3 , I X ,  
1 F 8 » 3 » 8 H  * * * * * , F 8 « 3 )  
G O  T O  1 0  
8  W R I T E  ( 3 , 9 ) T E S T ( J ) , D I A M ( J )  , D E N S Y ( J ) , C O M S T ( J ) ,  C O H E S ( J ) ,  
1 R A T I 0 ( J ) , W C O N T ( J ) , P H I D G { J )  , P I 4 ( J )  
9  F O R M A T  ( I H  , F 5 . 0 , F 6 . 1 , F 1 3 .  3 , F 1 1 . 3 , F 1 2 . 3 , 2 X , F 8  . 3 , I X ,  
1 F 8 . 3 , F 8 . 3 , F 8 . 3 )  
1 0  C O N T I N U E  '  
I  1 = R A T I 0 ( J ) » 1 0 0 0 .  
I 2 = W C 0 N T ( J ) * 1 0 0 0 .  
I 3 = P H I D G ( J ) » 1 0 0 0 .  
I 4 = P I 4 ( J ) * 1 0 0 0 . -  -
H = I A B S (  I D  
I 2 = I A B S ( 1 2 )  
I 3 = I A B S ( I 3 )  
I 4 = I A B S ( I 4 )  
I T E S T = T E S T { J ) + 1 0 0 0 .  
W R I T E  ( 2 , 1 1 ) I T E S T , 1 1 , 1 2 , 1 3  , 1 4  
1 1  F O R M A T  ( 6 H 0 8 3 0 0 1 , 1 4 , 4 1 6 )  
I P = I P + 1  
I F  ( I P - 2 5 ) 1 3 , 1 2 , 1 2  
1 2  W R I T E  ( 3 , 1 )  
I P = 0  
1 3  C O N T I N U E  ' 
W R I T E  ( 3 , 1 4 )  
1 4  F O R M A T  ( I H l )  
1 5  C O N T I N U E  
S T O P  
E N D  
Figure 54. (Continued) 
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P E N E T R C N E T E R  T E S T S  
T I P  T I P  R A S E  B A S E  T I P  S U R F A C E  
N O .  S H A P E  C I A . ,  A R E A ,  L E N G T H ,  A R E A ,  
I N .  S O  I N  I N .  S Q .  I N .  
1  C O N I C A L  ( 3 0  D E G .  A P E X )  0 . 5 0 5  0 . 2 0 0  0 . 9 4 2  0 . 7 7 1  
2  C O N I C A L  ( 3 0  D E G .  A P E X )  0 . 7 9 8  0 . 5 0 0  1 . 4 8 9  1 . 9 2 2  
3  C O N I C A L  ( 3 0  D E G .  A P E X )  1 . 0 0 9  0 . 8 0 0  1 . 8 3 3  3 . 0 9 0  
4  C O N I C A L  ( 6 0  D E G .  A P E X )  0 . 5 0 5  0 . 2 0 0  0 . 4 3 7  0 . 3 9 7  
5  C O N I C A L  ( 6 0  D E G .  A P E X )  0 . 7 9 8  0 . 5 0 0  0 . 6 9 1  l . D C O  
6  C O N I C A L  ( 6 0  D E G .  A P E X )  1 . 0 0 9  0 . 8 0 0  0.874 1 . 5 9 8  
7  C O N I C A L  ( 9 0  D E G .  A P E X )  0 . 5 C 5  0 . 2 0 0  0 . 2 5 2  0 . 2 8 2  
8  C O N I C A L  ( 9 0  D E G .  A P E X )  0 . 7 9 8  0 . 5 0 0  0 . 3 9 9  0 . 7 0 7  
9  C O N I C A L  ( 9 0  D E G .  A P E X )  1 . 0 0 9  0 . 8 0 0  0 . 5 0 5  1 . 1 3 0  j  
1 0  C O N I C A L  ( 6 0  D E G .  A P E X )  0 . 7 0 0  0 . 3 8 4  0 . 6 0 6  0 . 7 7 1  
1 1  C O N I C A L  ( 6 0  D E G .  A P E X )  1 .  I C O  0 . 9 5 0  •  0 . 9 5 3  1.922 
1 2  C O N I C A L  ( 6 0  D E G .  A P E X )  1 . 3 9 7 '  1 . 9 5 2  1 . 2 1 0  3 . 0 9 0  
1 3  C O N I C A L  ( 9 0  D E G .  A P E X )  0 . 8 3 4  0 . 6 9 5  0 . 4 1 7  0 . 7 7 1  
1 4  C O N I C A L  ( 9 0  D E G .  A P E X )  1 . 3 1 2  1 . 7 2 1  0.656 1 . 9 2 2  
1 5  C O N I C A L  ( 9 0  D E G .  A P E X )  1 . 6 6 6  2 . 7 7 5  0 . 8 3 3  3 . 0 9 0  
1 6  F L A T  C I R C U L A R  0 . 5 0 5  0.200 0 . 0 0 0  0 . 2 0 0  
1 7  F L A T  C I R C U L A R  0 . 7 9 8  0 . 5 0 0  0 . 0 0 0  0 . 5 0 0  
1 8  F L A T  C I R C U L A R  1 . 0 0 9  0 . 8 0 0  0 . 0 0 0  0 . 8 C 0  
1 9  H E M I S P H E R I C A L  0 . 5 0 5  0 . 2 0 0  0 . 2 5 2  0 . 4 C 0  
2 0  H E M I S P H E R I C A L  0 . 7 9 8  0 . 5 0 0  0 . 3 9 9  1 . 0 0 0  
2 1  H E M I S P H E R I C A L  1 . 0 0 9  0 . 8 0 0  0 . 5 0 4  1 . 6 0 0  
2 2  P A R A B O L I C  0 . 5 0 5  0 . 2 0 0  0 . 9 4 2  1 . 0 2 0  
2 3  P A R A B O L I C  0 . 7 9 8  0 . 5 0 0  1 . 4 8 9  2 . 5 4 9  
2 4  P A R A B O L I C  1 . 0 0 9  0 . 8 0 0  1 . 8 3 3  4 . 0 8 0  
2 5  E X P O N E N T I A L  0 . 5 0 5  0 . 2 0 0  0 . 9 4 2  0 . 6 7 4  
2 6  E X P O N E N T I A L  0 . 7 9 8  0 . 5 0 0  1 . 4 8 9  1 . 3 7 6  
2 7  E X P O N E N T I A L  1 . 0 0 9  0 . 8 C C  1 . 8 3 3  2 . 0 7 4  
T I P N C  =  T I P  N U M B E R  T P L G T  =  T I P  L E N G T H  L  
S H A P E  =  T I P  S H A P E  A R E A B  =  T I P  B A S E  A R E A ,  A  
D I A W e  =  T I P  E A S E  D T A  D  A R E A S  =  T I P  S U R F A C E  A R E A ,  A  
R A C U S  =  T I P  B A S E  R A D I U S , R  C I R C M  =  B A S E  C I R C U M F E R E N C E ,  C  
F O R C E  =  L O A D  A P P L I E D  f  P  D E P T H  =  P E N E T R A T I O N  D E P T H ,  Z  
C O M S T  =  U N C O N F I N E D  C O M P R E S S I V E  S T R E N G T H  O F  T H E  S O I L ,  T  
1  F O R M A T  ( 1 H 1 , 3 0 X , 2 2 H P E N E T R 0 K E T E R  T E S T  D A T A / I H O , 3 H T I P  3 X ,  
1 3 H T I P  5 X , 2 H P ,  5 X , 2 H Z ,  6 X , 2 H T ,  5 X , 6 H P I 1 - 1  , 3 X , 6 H P I l - 2  ,  
2 3 X , 6 H P I 2 - 1  • 2 X , 6 H P I 2 - 2  , 2 X , 6 H P I 2 - 3  , 2 X , 6 H P I 2 - 4  , / l H  ,  
3 3 H N O .  2 X , 5 H S H A P E  2 X , 5 H L 0 A D ,  2 X , 6 H D E P T H ,  2 X , 7 H C 0 M . S T .  
4 1 X , 7 H P / A ( B ) T  2 X t 7 H P / A ( S ) T  3 X , 3 H Z / L  5 X , 3 H Z / D  5 X , 3 H Z / R  
5 5 X , 3 H Z / C  / I H  , 1 3 X , 3 H L B .  5 X , 3 H I N .  5 X , 3 H P S r  / )  
F i g u r e  5 5 .  C o m p u t e r  p r o g r a m  f o r  p e n e t r o m e t e r  t e s t  d a t a  r e d u c t i o n  
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W R I T E  ( 2 , 1 )  
I P  =  0  
N S E T S  =  2 7  
D O  1 2  K  =  1 , N S E T S  
R E A D  ( 1 , 2 )  N  
2  F O R M A T  ( 1 2 )  
R E A D  ( 1 , 3 )  T I P N O , S H A P E , D Î A M B , T P L G T , A R E A S  
3  F O R M A T  ( F 2 . 0 , 3 X , A 5 , 3 F 1 0 . 3 )  
D O  1 2  I  =  1 , N  
R E A D  ( 1 , 4 ) F Q R C E , D E P T H , C O M S T  
4  F O R M A T  ( 3 F 1 0 . 3 )  
R A C U S  =  D I A M E « 0 . 5  
A R E A E  =  ( 0 . 7 8 5 4 ) * ( D I A M B * * 2 )  
C I R C M  =  ( 3 . 1 4 1 6 ) « ( 0 I A M B )  
P I l l  = ( F O R C E ) / ( A R E A B * C O M S T )  
P I 1 2  = ( F O R C E ) / ( A R E A S * C O M S T )  
P I 2 2  =  ( D E P T H ) / ( D I A M B )  
P I 2 3  =  ( D E P T H ) / ( R A D U S )  
P I 2 4  =  ( D E P T H ) / ( C I R C M )  
I F  ( T P L G T )  5 , 5 , 6  . . . .  
5  P I 2 1  =  0 0 0 0 . 0 0 1  
G O  T O  7  
6  P I 2 1  =  ( D E P T H ) / ( T P L G T )  
7  C O N T I N U E  
I P N O  =  T I P N O  +  1 0 0 0 .  
1 1 1  =  P I  1 1 * 1 0 0 0 .  
1 1 2  =  P I 1 2 * 1 0 0 0 .  
1 2 1  =  P I 2 1 * 1 0 0 0 .  
1 2 2  =  P I 2 2 * 1 C O O .  
1 2 3  =  P I 2 3 * 1 0 0 0 .  
1 2 4  =  P I 2 4 * 1 C 0 C .  
W R I T E  ( 2 , 8 )  T I P N O , S H A P E , F O R C E , D E P T H , C O M S T , P I l l , P I 1 2 , P I 2 1 ,  
1 P I 2 2 , P I 2 3 , P I 2 4  
8  F O R M A T  ( I H  , F 3 . 0 , 2 X , A 5 , F 7 . 1 , F 7 . 3 , F 8 . 2 , I X , F 8 . 3 , I X , F 8 . 3 , I X ,  
1 F 8 . 3 , 3 F 8 . 3 )  
P U N C H  9 ,  I P N O , 1 1 1 ,  1 1 2 ,  1 2 1 ,  1 2 2 ,  1 2 3 ,  1 2 4  
9  F O R M A T  ( 6 H 0 8 3 C 0 1 , 1 4 , 6 X 5 )  •  
I P  =  I P + 1  
I F  ( I P - 2 5 )  1 1 , 1 0 , 1 0  
1 0  W R I T E  ( 2 , 1 )  
I P  =  0  
1 1  C O N T I N U E  
1 2  C O N T I N U E  
S T C P  
E N D  
Figure 55. (Continued) 
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W I R E  S O I L - S H E A R I N G  T E S T S  
D  D I A M W  = 
L  W L G T H  = 
A ( C S )  =  A R E A C  = 
A ( S )  =  A R E A S  = 
( 0 . 5 ) C =  H A L F C  = 
P  F O R C E  
Z  D E P T H  
T  C O M S T  
F O L L O W I N G  P I  T E R M S  
P i l l  =  P / A ( C S ) T  •= 
P I 1 2  =  P / A ( S ) T  
P I 2 1  =  1 / 1  = 
P I 2 2  =  Z / D  = 
P I 2 3  =  Z ( 0 . 5 ) C  = 
W I R E  D I A M E T E R ,  I N C H E S  
W I R E  L E N G T H ,  I N C H E S  
C R O S S - S E C T I O N A L  A R E A  O F  W I R E ,  S G  I N  
C O N T A C T  S U R F A C E  A R E A  O F  W I R E ,  S G  I N  
H A L F  O F  C I R C U M F E R E N C E  O F  W I R E , I N C H E S  
A P P L I E D  L O A D ,  P O U N D S  
P E N E T R A T I O N  O F  W I R E  I N T O  S O I L ,  I N C H E S  
U N C O N F I N E D  C O M P R E S S I V E  S T R E N G T H ,  P S I  
U S E D  I N  D I M E N S I O N A L  A N A L Y S I S  
F O R C E / ( A R E A C * C O M S T )  
F O R C E / I A R E A S * C O M S T )  
D E P T H / W L G T H  
D E P T H / D I A M W  
D E P T H / H A L F C  
W R I T E  ( 2 , 1 )  '  
1  F O R M A T  ( 1 H 1 , 2 7 X , 2 8 H W I R E  S O I L - S H E A R I N G  T E S T  D A T A  / 1 H 0 , 1 X ,  
1 4 H T E S T , 3 X , 2 H D , , 6 X , 2 H L , , 4 X , 2 H P , , 6 X , 2 H Z , , 5 X , 2 H T , , 4 X ,  
2 6 H P I - l - l , 4 X , 6 H P I - l - 2 , 2 X , 6 H P I - 2 - l , 2 X , 6 H P I - 2 - 2 , 2 X , 6 H P I - 2 - 3 /  
3 1 H  , I X , 3 H N 0 . , 3 X , A H W I R E , 2 X , 7 H L E N G T H , , 1 X , 5 H L 0 A D , , 2 X ,  
4 6 H D E P T H , , 1 X , 5 H C 0 M P . , 2 X , 8 H P / A ( C S ) T , 2 X , 7 H P / A ( S ) T ,  
5 4 X , 3 H Z / L , 5 X , 3 H Z / D , 3 X , 6 H Z / 0 . 5 C / 1 H  , 7 X , 5 H D I A . , , 2 3 X ,  
6 5 H S T R . , / 1 H  , 8 X , 3 H I N . , 4 X , 3 H I N . , 4 X , 2 H L B , 5 X , 3 H I N . ,  
7 4 X , 3 H P S I  /  )  
E N T E R  C A R D  F O R  N S E T S  H E R E  
N S E T S  =  2 1  
I P  =  0  
D O  9  K  =  1 , N S E T S  
R E A D  ( 1 , 2 )  N  
2  F O R M A T  ( 1 2 }  
R E A D  ( 1 , 3 )  D I A M W , W L G T H  
3  F O R M A T  ( F 1 0 . 3 , F 1 0 . 1 )  
A R E A C  =  D I A M W  *  W L G T H  
H A L F C  =  3 . 1 4 1 6  *  D I A M W  *  0 . 5  
A R E A S  =  H A L F C  *  W L G T H  
D O  8  1 =  1 , N  
R E A D  ( 1 , 4 )  T E S T , F O R C E , D E P T H , C O M S T  
4  F O R M A T  ( F 5 . 0 , F 1 0 . 1 , F 1 0 . 3 , F 1 0 . 3 )  
P i l l  =  F O R C E / ( A R E A C  *  C O M S T )  
P I 1 2  =  F O R C E / ( A R E A S  »  C O M S T )  
P I 2 1  =  D E P T H / W L G T H  
P I 2 2  =  D E P T H / D I A M W  
P I 2 3  =  D E P T H / H A L F C  
Figure 56, Computer program for wire soil-shearing test data 
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I T E S T  =  T E S T  +  1 0 0 0 .  
I l l  =  P I l l * 1 0 0 0 .  
1 1 2  =  P 1 1 2 * 1 0 0 0 .  
1 2 1  =  P I 2 1 * 1 0 0 0 .  
122 = PI22»1000. 
1 2 3  =  P I 2 3 * 1 0 0 0 .  
W R I T E  ( 2 , 5 )  T E S T , D I A M W , W L G T H , F O R C E , D E P T H ,  C O N S T , P i l l , P I  1 2 ,  
1 P I 2 1 , P I 2 2 , P I 2 3  




1 1 X , 4 F 8 . 3 )  
PUNCH 6, ITEST,111,112,121,122,123 
6  F O R M A T  ( 6 H 0 8 3 0 0 1 , 1 4 , 5 1 6 )  
I P  =  I P + 1  
I F  ( I P - 2 5 )  8 , 7 , 7  
7  W R I T E  ( 2 , 1 )  
I P  =  0  
8  C O N T I N U E  
9  C O N T I N U E  
STOP 
END 
Figure 56. (Continued) 
